
V COORDINATED SCIENCE LABORATORY

c0
00

PROGRESS REPORT
FOR THE

JOINT SERVICES
ELECTRONICS PROGRAM

FOR THE PERIOD
APRIL 1, 1987, THROUGH MARCH 31, 1988

FOR

CONTRACT N00014-84-C-0149

r,

DTIC
~ELECTE0

~JUL14 41988

INUM-VERSITY OF ILLINOIS AT URBANA-CHLAMPAIGN
Iix-umofti b e" applutI i

I 'c ,ll, me @ m ow I

[ 



LNCLASSIF lED /,'./ x *
SECURITY CLASSIFICATION OF THIS PAGE17

REPORT DOCUMENTATION PAGE
la REPORT SECURITY CLASSIFICATION lb. RESTRICTIVE MARKINGS

Unclassified None
2a SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION/ AVAILABILITY OF REPORT

N/A Approved for public release;
2b DECLASSIFICATION / DOWNGRADING SCHEDULE distribution unlimited

N/A
.y.4 PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)

~ Second Annual Progress Report

6a NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
Coordinated Science Lab 1 (Ifapplicable) Ofc fNvlRsac

. University of Illinois N/A Ofc fNvlRsac
6c ADDRESS (City. State, and ZIP Code) lb. ADDRESS (City, State, and ZIP Code)

1101 W. Springfield Ave.. 800 N. Quincy St.
*Urbana, IL 61801 Arlington, VA 22217

Sa NAME OF FUNDINGI/SPONSORING 18b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION joint Services (if applicable) N01-4C04

Electronics Program j
Sc. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS

80 N QinY t.PROGRAM PROJECT TASK jWORK UNIT00N QunyS.ELEMENT NO. NO. NO. ACCESSION NO.
~~ C Arlington, VA 22217II

1 TI7TLE (include Security Classfication)

Second Annual Progress Report

2 PERSONAL AUTHOR(S)
Professor W illiam Kenneth Jenkins

13a TYPE OF REPORT 13b. TIME COVERED 114. DATE OF REPORT (Year, Month, Day) 5.PGCON
Technical FROM TOJ3IL 6/30/88 T 9

'6 SUPPLEMENTARY NOTATION

'7 COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)p:IEL0 GROUIP SUB-GROUP

* '91 AaSTRACT (Continue on reverse if necessary and identify by block number)

0

20 DISTRIBUT!ON/AVAILABILiTY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
0 ElUNCLASSIFIED/UNLIMITEID 0: SAME AS RPT. ODTIC USERS Unclassified

22a NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (QncludeAe oe 22c. OFFICE SYMBOL

DD FORM 1473, 84 MAR 83 APR edition may be used until exhausted. SCRT LSIIAINO HSPG
All other editions are obsolete.

- UNCLASSIFIED



OFFICE OF NAVAL RESEARCH

PROGRESS REPORT

For the Period 
@IC

I 6

1 April 1987 through 31 March 1988
Aooession For

for NTIS GRA&Ifor DTIC TAB

.Unannounced E
Contract N00014-84-C-0149 Justificatio

r By,
Distribution/

A b Title of Contract Code
Joint Services Electronics Program 1 a_ biity Codes

Av', i~I L-d/or
Dist Special

Name of Principal Investigator
William Kenneth Jenkins

Coordinated Science Laboratory

T B O T Name of Organization
THE BOARD OF TRUSTEES OF THE UNIVERSITY OF ILLINOIS

,AT URBANA-CHAMPAIGN
-"Grants and Contracts Office

Address of Organization
* ,. 506 S. Wright Street
. ," Urbana, IL 61801

" Reproduction in whole, or in part. is permitted for any purpose of the United States Government.

Tl

'.[' -.. "This document has been approved for public release and sale: its distribution is unlimited.

II
Si r.

A .-



["

TABLE OF CONTENTS

EX EC U T IV E SU M M A R Y .....................................................................................................................

RESEARCH AREA: Solid-State Electronics

Unit 1 Crystal Growth from the Vapor Phase and Controlled Doping of Equilibrium
and Metastable Semiconductor Alloys: Ion/Surface Interactions .......................... 5

Unit 2 Studies of Transport Phenomena in Semiconductors ....................... ..... 10

Unit 4 Basic Studies of the Optical and Electronic Properties of Defects andImpurities in Compound Semiconductor Epitaxial Lavers and Related

S u p erla ttices .................................................................................................................. 14

Unit 5 Heterostructure Electronic Devices by Metalorganic Chemical
V apor Deposition (M OCV D ) .................................................................................... 18

Unit 6 Optical Properties of M BE-Grown Structures ............................................................ 20

Unit 7 Computer-Aided Design of High-Performance Integrated Circuits
w ith U ltra-Sm all Features ...................................................................................... 22

Unit 24 Electronic and Transport Properties of Ultra-Low-Dimensional Structures ......... 27
(1-7 (no previouis unit)

RESEARCH AREA: Quantum Electronics

Unit 8 Collective Electronic Transport in Quasi One-Dimensional Systems .......................... 32

_ Unit 9 An Investigation of Plasma and Chemistry Processes in Cylindrical
M agnetron Plasm a Discharges ................................................................................ 35

Unit 10 Excited State Chemistr- in Gases ........................................................... ..... 37

RESEARCH AREA. Electromagnetics

Lnit 11 Monolithic Millimeter-Wave Integrated Circuits with .Microstrip
Antennas .......................................................... ... 46

Unit 12 Investigation of Radar Scattering Characteristics of Controilable
Surface Shapes with Appiication to Low Observable Targets ............................... -19

ii

- * ~ p ~** , ~ .~*~ ~~*%



RESEARCH AREA: Information Systems

Unit 13 High-Performance Testable Electronic Systems .......................................................... 51

Unit 14 New Directions in Fault-Tolerant Computing ............................................................ 56

Unit 15 Efficient Computation Techniques ............................................................................... 59

Unit 16 High-Resolution Sensor Array Processing ................................................................... 63

tUnit 17 Parallel VLSI Structures for Sensor Array Processing ................................................ 66

* Unit 18 Adaptive Algorithms for Identification. Filtering. Control. and
S ign a l P rocessin g ........................................................................................................... 70

U nit 19 Distributed and Decentralized Systems ...................................................................... 73

Unit 20 Robust Feedback Control of Nonlinear Systems ........................................................ 76

Unit 21 Multiple-Terminal Digital Communication Systems .................................................. 79

Unit 22 Statistical Signal Processing in Communication Systems ............................................ 85

RESEARCH AREA: Electronics Research

U nit 23 Basic Research in Electronics ........................................................................................ 88

.1**

0i iii

~.€



EXECUTIVE SUMMARY

1. Summary of the Program
This report cummarizes the research that was carried out un4er the Joint Services Electronics

Program at the Coordinated Sciences Laboratory. University of Illinois at Urbana-Champaign, dur-
ing the period April 1. 1987. through March 31, 1988. The current JSEP contract that began on
October 1, 1986. contains 22 work units (Unit 3 of the new contract was withdrawn and Unit 6

S, has been replaced by Unit 24). In all, there are 9 units in Physical Electronics, 2 units in Elec-
tromagnetics. 10 anits in Information Electronics. and 1 discretionary unit used by the Director to
seed new projects

As of October 1. 1987. a new unit (Unit 24) entitled "Electronic and Transport Properties of
Ultra-Low-Dimensional Structures" was added to the program as a replacement for Unit 6. Unit 6.
entitled "Optical Properties of MBE-Grown Structures." was phased out from October 1. 1987, to

,, March 31, 1988. since Professor Morkoc became overcommitted and was no longer able to Far:ici-
" ~- pate in this research. The Senior Investigators on Unit 24 are Professors Leburton. Kolodzey. andI

Adesida. The objective of this new unit is to explore the potential of ultra-low-dimensional semi-
conductor structures for electronic and optical device applications. This research represents a team
approach, with Professor Leburton providing theoretical expertise. Professor Adesida providing
experimental expertise, and Professor Kolodzey providing the skills in high-speed measurements.

* - After the death of Professor Thornton. Professor Mark Kushner joined the program to carry
Vp on the work of Unit 9, "An Investigation of Plasma Chemistry Processes in Cylindrical Magnetron

Plasma Discharges." Professor Kushner has assumed the responsibility for the supervision of the
graduate research assistants on this unit and is carrying out the research in accordance with the ori-
ginal objective.

Professor Jessy Grizzle has left the university and is no longer participating in the work of
Unit 20. However, three new faculty have been added: Professor Yoram Bresler has joined the
Digital Signal and Image Processing Group: Professor Wen-Mei Hwu has joined the Computer Sys-
tems Group: and Professor Bang-Sup Song has joined the VLSI Circuits Group. Although none of
these young faculty is currently receiving direct support from the JSEP program, they are working
with the graduate students in the corresponding areas, and it is anticipated that they will play
important roles in future JSEP work.

In general. work on all of the units not mentioned above has been proceeding on schedule and
S.according to the plans that were outlined in the original 3-year proposal. The progress on each of

these units is summarized in the body of this report.
4 During the second year of this JSEP contract, all of the discretionary funds provided to the

Director under Unit 23 were allocated for equipment purchases for the new MBE facility (Epi-
Center) that has been established in CSL under a college-wide cooperative effort. This new facility
is described more fully under Unit 23.

After serving as the Acting Director of CSL from August 1986. Professor W. Kenneth Jenkins
was named Director in May 1987 and has undertaken the responsibility for managing the JSEP pro-
gram. During the last year. he has named a JSEP Advisory Committee to help establish direction
and policy for the JSEP-sponsored research. Professor Karl Hess and Professor Michael PursIey are
serving as Technical Advisors for Physical Electronics and Information Electronics. respectivel,,
Professor Timothy Trick. ttead of the Electrical and Computer Engineering Department. is serving
as an Advisor-at-Large in order to integrate the interests of JSEP xith the capabilities of the ECE
Department. It is anticipated that the JSEP Advisory Committee will be quite active next year as

* the facult. in CSL prepare for the next major proposal.

University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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II. JSEP Outstanding Accomplishments
%During the last year three JSEP accomplishments stand out as particularly significant, each of

which is described briefly below. These are: (1) a new CAD program called iSMILE for the
modeling and simulation of new microelectronic and optoelectronic devices and circuits: (2) a
first-time experimentally observed charge density wave (CDW) discommensuration domain struc-
ture in the nearly commensurate phase of 1T-TaS,; and (3) new progress in achieving controlled

P doping in MBE silicon. - ,

(1) Modeling and Simulation of New Microelectronic and Optoelectronic Devices and Cir-
. cuits with the iSMILE Program (Unit 7)

During the last few years Professors S. NI. Kang and T. N. Trick. with graduate students
K Cioffi and A. T. Yang. have collaborated on the development of circuit models for High Elec-

\ron Mobilitv Transistors (HEMT) under the JSEP sponsorship. Traditionally. the task of develop-
ing new circuit models has been time consuming, mainly due to the intensive line-by-line
modification of generic circuit simulators like SPICE or SLATE. As a result, the progress in
computer-aided simulation of new microelectronic devices and circuits has been hampered by the
slow model development process.

"Under the JSEP sponsorship. Professor Kang and his Research Assistant A. T. Yang initiated
the development of a new CAD tool. iSMILE (Illinois Simulator for Modeling of Integrated-circuit
Level Elements). This program was first tried by Dr. Cioffi. now at Rockwell International. for his
de'velopment of HEMT models. To iS.MILE. circuit models are described by using a simple input
file containing model topology descriptions and element characteristic equations. The iSMILE pro-
gram then builds a circuit simulator based on circuit models shielding the user from the laborious
ine-bv-line program modifications. Owing to this unique feature. the model development time is

reduced significantly from several months to a few weeks once the model developer has a clear
understanding of underlying device physics.

Further development of the iSMILE program has been continued under the sponsorship of the
Naticnal Science Foundation (NSF) Engineering Research Center for Compound Semiconductor
.licroeiectronics. iSMILE has been used to develop lossy transmission models, multiple quantum

Swell laser diode models, optical waveguide models. and photodetector circuit models in cooperation
w!th Professors J. J. Coleman. T. A. DeTemple, and G. E. Stillman. Using these models and HEMT

1 models, we have been able to simulate the speed performance of optical interconnect systems.
which would not have been possible in such a short time without iSMILE.

The unique capability of the iSMILE program has been well recognized by industry visitors
and, at their request, we have ported the iSMILE program to industrial researchers at Hewlett
Packard. Our work on circuit modeling and simulation will be presented at the 1988 International
Conference on Circuits and Svstems and the 1988 International Conference on Computer Design.
Further details of our work will be published in professional journals.

It vas through the interdisciplinary team effort provided under the sponsorship of JSEP. NSF.
and industry that enabled our development of new circuit models, as well as the novel CAD tool.
SNIILE.

* (2) Scanning Tunneling Microscopy of the CDW Discommensuration Domain Structure in
the Nearly Commensurate Phase of IT-TaS, (Unit 8)

It has been known for some time from bulk NMR and XPS measurements that the nearly
commensurate CDW phases exhibited by some of the layered transition mela! dichalcogenides actu-
ally consist of relatively small commensurate regions separated by CDIW phase kinks or discom-
mensurations (DCs). Their existence and microsccpic domain structure ha\,e pre.iously been
rredicted by the Ginzburg Landau approaches of McMilian and Nakanishi: hoever, nN dxrect

-.,ser.'aticn of the DC domain structure has been made until now.

University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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Recently. Professor Joe Lyding and one of his students. Mr. Stephen Skala. have been able to
use their new variable temperature STM (thermal drift < 1 . 'hour) to study the nearly commen-
surate phase of 1T-TaS,. Shown in Figure la is a representative STM image in which the larger
period CDW is superimposed against the sulfur rows of the atomic lattice. From images like this,
the commensurability of the CDW relative to the lattice can be studied. Shown in Figure lb is

t, ,~their proposed model for the DC structure for Figure la and for lT-TaS2 in general. The small
dots denote the sulfur atoms, the large dots are the CDW maxima, and the lines are the DCs
between commensurate regions. Here it is seen that the domains are rhombohedral with a charac-
teristic length of 60 A along e..ch edge. The bold line to the right of Figure lb represents a DC
with a larger phase kink than the other ECs. The observed domain structure is not the hexagonal
domain structure predicted by Nakanishi but one in which there are two equivalent CDW
vavevectors (parallel to the DC boundaries), while the third wavevector passes through more DCs

* per unit length. This model also yields the correct average orientation of the incommensurate
CDW wavevector relative to the lattice, as determined by bulk measurements.

% '(3) Controlled Doping in MBE Si: Chemistry at the Atomic Level (Unit 1)

Fabrication of modern microelectronic devices requires precise control of dopant concentra-
tions and depth distributions. Molecular beam epitaxy (MBE) is presently employed in many criti-
cal applications, such as the growth of superlattices and modulation-doped structures. However,

* most of the common dopants used in bulk Si wafers present serious problems during film growth
b\, MBE due to low incorporation probabilities and/or pronounced surface segregation giving rise to
uncontrolled profile broadening.

Under JSEP Unit 1, Professor Joe Greene has been investigating the use of low-energy (50-
500 eV) accelerated-ion doping during MBE Si growth. The experiments are carried out using new
ultrahigh-vacuum compatible low-energy ion sources, which were developed as part of the research
program. Sb, an important shallow donor in Si. and In. a deep acceptor, were chosen as model
dopant materials.

Thermal Sb 4 and In. obtained from standard effusion cells. have low incorporation probabili-
% ties o' in MBE Si. as, ranges from 10 - 3 to 10. 5 at growth temperatures Ts between 700 and 850 *C.
%" while o,, is < 10- at T, > 550 *C. These dopants also exhibit severe surface segregation with, in

* the case of Sb. steady-state surface accumulations during growth of up to a full monolayer. This
not only gives rise to broad doping profiles but also limits the maximum usable do ing concentra-
tions. For example. obtaining Sb concentrations higher than 25xlO 7 - 1018 cm with thermal-

-. doping requires the use of extremely large Sb4 fluxes. which results in the production of a high con-
centration of structural defects and a corresponding decrease in electron mobilities.

The L niversity of Illinois Thin Film Physics Group is employing a combination of Auger elec-
6 tron spectroscopy (AES). low-energy and reflected high-energy electron diffraction (LEED and

RHEED). plan-view and cross-sectional transmission electron microscopy (TEM and XTEM).
-' secondary-ion mass spectrometry (SIMS). and temperature-dependent Hall measurements to inves-

tigate the growth. structure, dopant distribution, and electrical properties of Si films grown at Ts ;
800 °C with 150 eV Sb 4 and 200 eV In dopant beams. Sb and In were found to incorporate, with
unity probability, into substitutional, electrically active sites at concentrations up to at least• 310 m-3 an 18lt  -3. ..
3x10 cm-3 and lX18 cm , respectively. The films were essentially dislocation free with no
indication of residual ion-induced damage. Data show that carrier mobilities of Sb and In ion-

' "doped films are equal to the best reported values for bulk Si even at doping concentrations extend-
ing well above those attainable by thermal-beam NIBE. In fact, the hole mobilities are the highest
ever reported fcr In-doped Si. whether bulk or thin film. Doping profiles in accelerated-beam
moduiation-doped structures were extremely abrupt. There was no indication from in situ AES

6 and RHEED analyses of significant dopant surface accumulation dur:ng growth.

. University of Illinois at Urbana-Champaign Coordinated Science Laboratory

'e J% r Mr . V,.I.



0 4

*a)

. .0 -o

* . *
0 000go . C

6 1 - m 6A

L) Dicm esrto moe osrce rm a \%eetes aldt r

atoms.~~~~~~~ ~ ~ ~ ~~ lao osaeC Wmxm n h ie r i c -srtn.Th

* ~ ~ ~ ~ ~ )l lin V is mae ofth' narscommensur aiga pae ofas ink.,sh heoin

University of Illinois at Urbana-Champaign Coordinated Science Laboratory



5

WORK UNIT NUMBER 1

TITLE. Crystal Growth from the Vapor Phase and Controlled Doping of Equilibrium and Meta-
stable Semiconductor Alloys: Ion-Surface Interactions

%

SENIOR INVESTIGATORS:
K

J E. Greene. Research Professor
D. Lubben. Research Associate

-.1.

SCIENTIFIC PERSON NEL AND TITLES:

F. Adibi. Research Assistant
P Fons. Research Assistant
B Kramer. Research Assistant
L. Markert. Research Assistant
D. Nlclntvre. Research Assistant

- D. Mei. Research Assistant
J.-P. Noel, Research Assistant

a,.M.A. Ray. Research Assistant

SCIENTIFIC OBJECTIVE.

The primary objective of this research program is to investigate energetic particle-surface
interactions that control the nucleation and growth kinetics, chemistry. and physical properties of
allov semiconductors during vapor phase crystal growth by UHV ion beam sputtering and
accelerated-beam molecular beam epitaxy. In both of these growth techniques, low energy ion-

Psurface interactions allow an efficient coupling of kinetic energy to the growth surface upon con-
idensation, thereby altering the surtace reactivity as well as adsorption and adatom diffusion kinet-
ics allowing single crystal film growth at lower temperatures. much more precise control over
dopant incorporation probabilities and depth distributions, and the growth of unique metastable
alloys. This work is being pursued from both an analytical and an experimental point of view in
order to establish a detailed understanding of fundamental film growth mechanisms.

S " SUMMARY OF RESEARCH:

Incorporation Probabilities and Depth Distributions of Thermal and Accelerated Dopants in
Semiconductors Grown by MBE

Most common n- and p-type dopants used in bulk Si technology and many dopants used in
* buik GaAs provide problems in MBE film growth due to either low dopant incorporation probabili-

tes and or high surface-segregation rates. The problem is especially acute in MBE Si. We have
attacked these problems on two fronts. (1) As discussed in the last two annual reports. we have
developed a general time-dependent model, which combines thermodynamic and kinetic elements,
for describing the incorporation of thermai dopants into films during deposition. (2) We have
in',.estgated the use of lc\%-energy primary and secondary accelerated-ion doping during MBE

* grov tn to demonstrate increa-es in o b. more than five orders of magritude, abrupt doping profiles
SiTh no indication of segregation-in(iuced broadening, and excellent e'ectrical prcperties. Primary-
j-r dop:ng experiments ,.ere carried out ising a new ion source that was designed and constructed
a, nar- of this research project.

: University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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, dopant incorporation model accounts for dopant surface segregation and allows elemental
-n,orporat:on probabilities a and depth-dependent concentration profiles C(xt) to be calculated as
a 'unction of experimental parameters such as film and dopant material, deposition rate, incident
do-ant flux. film growth temperature, etc. Calculated profiles from arbitrarily complex doping
schedules for both thermal and accelerated dopants are in good agreement with experimental
results for dopants in NIBE Si. GaAs. and Ga 1 _,Al, As. In addition, we have used the model to
predict critical temperatures for transitions in dopant segregation regimes, dopant-induced surface
structural phase transitions. and changes in dopant/surface reaction paths leading to large changes
in surface binding energies and hence incorporation probabilities. All of these effects have now
been observed experimentally. W\e have recently predicted that there should exist a narrow
..ro%,.th-temperature range over which abrupt doping profiles can be obtained for Al. a p-type
donant w hich exhibits se\ ere surface segregation. in MBE Si. Our preliminary experimental results
are in agreement showing, for the first time. abrupt modulation-doped Al profiles.

\We have recently designed constructed, and tested a second-generation single-grid optics,
e!ectron impact. ultrahigh %acuum compatible, low-energy ion source capable of operation with
" 'o vaor -pressure solid source material. The ion optics are well characterized,. very reproducible,
and proide uniform beam profiles xith current densities of up to 0.3 mA cm -. The gun has been
:perated :or long periods of ,ime at acceleration energies ranging from 50 e to 500 eV.

Ltsing ion sources such as described above, we have investigated the incorporation of
* accelerated-In. a deep level acceptor, and accelerated-Sb. a shallow donor, in MBE Si. The incor-

poratior probability, of thermal In in MBE Si(100) is too low to be usable with 'I' < 10 -5 for
film-growth temperatures T, > 550 'C . csb is also low and ranges from 10 to 10 - for T
between 700 and 850 'C. Both dopants exhibit severe surface segregation with steady-state surface
accumulations during growth of up to a full monolayer. This not only gives rise to broad profiles

but also 'imits the maximum usable doping concentrations to rather low values due to the necessity
of using extremely large dopant fluxes that result in the production of high concentrations of struc-
tua, defects and a corresponding decrease in carrier mobilities.

We have carried out a detailed investigation of the incorporation of accelerated-In* in MBE
Si(1)OQ, using ion acceleration energies E,,- of 50, 75. 100, 200, 300. 400. and 500 eV at growth
emreratures betwveen 500 and 1050 'C. o- was found to be unity for Eln-- > 200 eV at growth

-"emeratures up to approximately 900 'C w 'here bulk diffusion becomes appreciable giving rise to
surf ace segregation and hence dopant loss by desorption. Even at En-= 50 eV, a--r.+ ranged from

0.2 at 500 'C to 2x10 - at 1050 °C increases of - 3 to 5 orders of magnitude! Doping profiles in
modu'ation-doped structures were found to be abrupt. at all acceleration energies. to within the
depth resolution of SIMS. Thermally-stimulated desorption (TSD) and modulated-beam mass

spectrometr\ (MBMS) have been used in combination with an extension of our thermal dopant
"incorporation model to understand the mechanisms associated with accelerated-dopant incorpora-

- tion. Initial results cleariv show that the mechanisms are quite different for acceleration energies
above and below 200 eV. Structural and electronic properties of accelerated-In + doped films are
discussed in the next section.

'We have modeled thermal Sb incorporation in MBE Si based upon incorporation data and
detailed analyses of our TSD and MBMS data to determine Sb 4 dissociative chemisorption kinetics

. •and surface binding energies and lifetimes a, d iunction of coverage and T. The first experiments
Dn acce.erated-Sb dopinZ have also been carried out with E,,- = 50 and 150 eV at T, between 500
and 950 C. a's- was increased by up to three orders of magnitude and doping profiles in the
i4c. .eatec-S doed faims were found to be abrupt.

Electronic Properties of Accelerated-Ion Doped MBE Si Films

-\. )mnbmiat on r tu lox -energy and reflected high energy electron diffraction RIIEED
-. 1d E-D. pian-viex an, cros-,ectlcnal transmission electron microscopy -TFI. and NTEN).
.e..)ndar.- n mas Spectrmetr'. NIS). and temperature-dependent Hall measurements ,were

* University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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used to investigate the structure. dopant distribution, and electrical properties of MBE Si(100)
films grown at 800 'C with either 200 eV In' or 150 eV Sb' accelerated-dopant beams. The incor-
poration probabilities were found to be unity. A comparison between total dopant concentrations
determined by calibrated SIMS measurements and dopant concentrations obtained from Hall data
shows that both In and Sb were incorporated into substitutional, electrically active sites. The con-

./ centration ranges examined so far are 5x1O15 -2xlO' 8 cm- 3 for In. well'above the equilibrium
• - solid-solubility limit, and 1016 -3x10 19 cm - 3 for Sb. more than an order of magnitude above the

highest values obtainable by thermal doping without introducing high structural defect concentra-
tions. In all cases. the films were found by TEM and XTEM analysis to be dislocation free with no
indication of residual ion-induced damage.

Carrier mobilities were found to be equal to. or higher than. the best reported values for bulk
." Si In fact. hole mobilities measured in In -doped films were the highest ever reported for In-doped

, ~..'Si and were much higher than mobilities for annealed In-implanted Si. Doping profiles in modu-
!ated structures were abrupt and in situ AES and RHEED analysis showed no indication of
significant dopant surface accumulations as were observed during the growth of thermally-doped
films. Thus. under the present growth conditions. radiation-induced defects were annealed out at a
faster rate than they were produced resulting in no residual damage. We have, in addition, begun
to investigate the parameter space over which damage-free material can be grown as well as the
nature of residual damage in films deposited under conditions outside this growth parameter win-

4 dow.

-. " Effects of Low-Energy Ion/Surface Interactions on the Nucleation and Growth Kinetics of
Films Deposited from the Vapor Phase

The increasingly stringent requirements of sophisticated thin-film device and processing tech-
- nclogies provide a strong impetus for obtaining better control over the microchemistry and micros-S truct-re of as-deposited layers as well as for devising lower-temperature growth techniques.

.Lcw-energy ion irradiation of the substrate and film during deposition is presently being used by
laboratories across the world in a variety of beam and plasma-based film growth techniques in
order to provide an efficient coupling of kinetic energy to the growth surface to alter reactivity as
well as adsorption, adatom diffusion, nucleation, and growth kinetics.

Our group has been modeling low-energy ion/surface interaction effects that are common to a
•arietv of growth techniques and has carried out some of the first definitive experiments under
veli-controlled ultrahigh vacuum environments to probe fundamental mechanisms. A few

-. highlights are described briefly below.

. We have demonstrated in experiments involving the deposition of both thermal In and
accelerated-In' on Si(100)2xl surfaces that low-energy (50-300 eV) primary-ion deposition
changes not only the kinetics of nucleation but also the mechanism. That is. thermal In deposited
at T, < 150 °C grows by a Stranski-Krastanov mechanism to form quasi-one-dimensional wires
along [011] directions. Surface tension is extremely high leading to very low island coverage. In
fact. only about 7% of the Si surface is covered after the deposition of 200 monolayers! The use of
accelerated primary ions increases the nucleation density by several orders of magnitude, enhances
surface diffusivity, and leads to essentially complete coverage by 200 ML.

0 We have previously predicted that low-energy ion irradiation might lead to much higher
S""nucleation rates. as in the experiments described above, due to the production of preferential

adsorption sites provided by charged surface vacancy complexes and trapping. The key feature
necessary te test these ideas was the development of techniques to measure preferential adsorption
Senerg:es. We have recerttlv done this for both Sb and In on Si(100) surfaces using TSD and 1BMS.
Tie i nlia. results show not only the production of enhanced binding sites but that the nature of
"he ; ites changes at critical energies. : 200 e% for In

" We have also investigated mechanisms leading to ion-induced enhanced surface diffusi.on
during nucleation and film growth. For these experiments. In was deposited tc nominal thicknesses

University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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ranging from 1 to 10 nm on thin. electron-transparent. Si3 .\ 4 substrates in a UHV system and then
investigated by TEM. The use of accelerated condensing species resulted in larger average island
sizes (for a given nominal film thickness). more uniform island size distributions, and the suppres-
sion of secondary nucleation. We have proposed a model to explain these results in which the pri-
mary effect of ion irradiation is to break up small clusters to form still smaller clusters and ada-
toms which can diffuse much more rapidly on the surface to feed larger stable islands.

The loss of these small clusters (incipient islands) explains the decrease in the secondary
nucleation rate and leads to large changes in growth kinetics. In the accelerated-beam case, island

U growth continues to be dominated by surface diffusion to much higher nominal film thicknesses
than in thermal-beam deposits where coalescence of small islands at an early stage of growth leads
to iess uniform island size distributions. Other effects associated with collision-cascade dynamics
are also important and have been shown by molecular dynamics simulations to be related to the
de\ elopment or preferred orientation in polycrystalline films and may allow decreased epitaxial% temperatures. Such effects cannot, however, account for long-range "enhanced diffusion."
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pp. 3-10, 1987. (JSEP/DOE)
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WORK UNIT NUTMBER 2

TITLE. Studies of Transport Phenomena in Semiconductors

SENIOR INVESTIGATOR:

K. Hess. Research Professor

SCIENTIFIC PERSONNEL AND TITLES:

I. C. Kizilvalli, Research Assistant
J. Higman. Research Assistant
S. Manion. Research Assistant

* SCIENTIFIC OBJECTIVE:

This research involves the study of basic properties of semiconductors, semiconductor-
heterolavers. new device concepts. and device simulation. Both theoretical and experimental
methods are employed in each of these categories. We are examining a variety of hot electron
phenomena and their effects on present and future device performance. The experimental studies

concern mainly electronic transport in heterolayers in high electric and high magnetic fields, while
the theoretical studies are based on Monte Carlo methods and, generally speaking. the use of large
computational resources.

SUMMARY OF RESEARCH:

Our research in the last year has centered on several new phenomena in heterolayer transport.
We have continued our theoretical studies of the S-shaped current voltage characteristic in the
H-ED heterolaver structure [1.21. and we have found a satisfactory analytical theory which
explains the switching mechanism and the parameter range (doping) fairly well. We have shown
that the mechanism by itself is extremely fast (subpicosecond range), although practical limitations
arise from resistance-capacitance consideration. A description is given also by Professor Coleman

* who guided the experimental effort.

We have continued to investigate the use of heterolayer structures in problems related to
impact ionization and avalanche photodiodes. On the side of impact ionization over the band gap in
superlattices. we have found an analytical approach in cooperation with Brennan (Georgia Tech)

% and Capasso (AT&T Bell Laboratories) [3]. The work with Chuang on ionization of electrons out
of heavily doped quantum wells has basically been completed and is summarized in [24].

A series of investigations has been devoted to the idea (Sakaki) of velocity modulated transis-
tors. These field effect transistors intend to capitalize on the fast transfer between the two hetero-
aver interfaces in a (quantum) well. One interface is assumed to be ideal, while the other inter-
ace :cntains defects that lower the mobility considerably. Transferring the electrons from one

inter: ace tc the other then modulates the electron velocity and results in fast switching. We have
* ;erified v onte Carlo simulations that this concept is essentially valid. However, there is a

University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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long-time component in the switching mechanism that still corresponds to approximately the
source-to-drain transit time and needs to be taken into account. Overall, however, these structures
do promise extremely high speed [4.5,6].

Using high magnetic fields, we have been able to demonstrate clearly that real-space transfer
can be viewed as a transition from two- to three-dimensional behavior of an electron gas. A NER-
FET fabricated in the group of J. J. Coleman was immersed into liquid helium and subjected to a
magnetic field parallel to the interface. At low electric fields the magnetoresistance was negligible,
as expected, for a two-dimensional electron gas. while at high electric fields a considerable magne-
toresistance indicated the change of dimensionality to three [7]. More recent work has concentrated

.W on energy loss in degenerate quasi-two-dimensional systems [8].

INTERACTION AND/OR TECHNOLOGY TRANSFER

The investigations in references [4.6] have been developed in cooperation with the U. S. A:mv
Electronics Technology and Devices Laboratory, Ft. Monmouth. The work described in reference
[3] has been performed in cooperation with Federico Capasso from AT&T.
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SCIENTIFIC OBJECTIVE,

The objective of this research unit is to contribute to our understanding of impurity incor-
poration mechanisms, sources, and defects and to improve our understanding of the influence of
growth conditions on impurities and defects in semiconductor materials that will be important for
ne\% multiple-layer heterostructure devices. It includes developing new characterization techniques
that will extend the range of impurity concentrations over which quantitative analysis is possible.
These techniques will lead to better control of high-purity growth and accurate doping levels in
epitaxial layers grown by metalorganic chemical vapor deposition (MOCVD). molecular beam epi-
tax. (NIBE). and chemical beam epitaxy (CBE) or gas source molecular beam epitaxy (GSMBE)
gr'wth techniques that are most important for the preparation of multiple iayer heterostructures
for hi-gh-sneed eiectronic and optoelectronic devices.

SUMMARY OF RESEARCH:

. The capability of making low-temperature magneto-photoluminescence measurements using a
superconducting solenoid was established. using a one-meter. double-slit grating spectrometer. By
correlating photothermal ionization measurements with the magneto-photoluminescence measure-
ments on the same samples, the ls-2po and ls-2p-1 two-electron transitions of the neutral donor
bound excitons (D*.X). corresponding to the common donor species in GaAs. have been identified.

* This technique has been extended to the identification of the residual donor species, Si. S and
Ge. in high-purity undoped p-type epitaxial GaAs. grown by metalorganic chemical vapor deposi-
ion and arsenic trichloride vapor phase techniques, using the magnetic splittings of "two-electron"

re.iicas o: donor-bound exciton transitions at low temperature (- 1.&K) and at a high magnetic
field 9.0 T). This technique permits identification of donors in certain high-purity p-type GaAs
,ampnes that have sufficient neutral donor-bound exciton recombination but in which donor species

* cannot be identified bv photothermal ionization spectroscopy or any other technique.

Both the PTIS and NIPL measurement techniques for identification of donors, as well as low-
tem-rerature photoluminescence for the identification of acceptors. have been applied to the study

University of Illinois at Urbana-Champaign Coordinated Science Laboratory



15

of the incorporation of Si in high-purity lightly Si-doped GaAs grown simultaneously on (100).
(311 )A. and (311 )B GaAs substrates by molecular beam epitaxy (MBE). Photothermal ionization
spectroscopy shows that Si is incorporated predominantly as a donor for growth on (100) and
(311)B substrates, whereas low-temperature photo luminescence shows that Si is incorporated
predominantly as an acceptor for growth on (311)A substrates. Spectroscopic and Hall effect meas-
urements show that the dominance of Si donors in the samples grown on the (100) and (311)B sub-
strates renders these samples n-type, while the dominance of Si acceptors in the sample grown on
the (311 )A substrate renders that sample p-type. The behavior of Si can be understood in terms of
the bonding arrangement on the A and B surfaces. but the observation in these measurements that
the C acceptor concentration is higher on the B face as compared with 100 orientation can only be
understood by considering the kinetic effects of the growth and impurity species on the different
growth faces. Figure 1 shows the experimentally determined donor and acceptor incorporation
behavior for the (100). (311)B. and (311)A orientations in GaAs.

In characterization of high-purity epitaxial layers, it is often impossible to make Hall effect
measurements because the layer is fully depleted. We have used the well-known persistent photo-
conductivity effect in GaAs to electrically characterize thin high-purity GaAs. which is fully
depleted at low. temperatures due to increasing surface and interface depletion effects. At 4.2 K.
the sample is momentarily illuminated by above band gap light. This allows electrons to be ener-

*oeticallv excited from the surface and interface states. thus forming a charge neutral region. After
illumination, the effect of this photo-induced charge neutral region persists until, at moderately
high temperature. the sample relaxes back to the original state. Results of temperature-dependent

* Hall measurements performed on samples under these conditions show that the sheet carrier con-
centration increases from that measured in the dark. but the mobility remains unchanged. Since
the mobility remains constant, this effect does not change the transport properties of the material.
The increase in the sheet carrier concentration results from the decrease of the depletion widths
after illumination. Due to the increasing need for the analysis of thin. high-purity layers. such
measurements provide an important new method of judging the quality of layers when samples are
fully depleted of carriers. The mobility of a high-purity MBE sample that becomes depleted of
carriers at low temperatures was measured to be 180,000 cm /Vs at 77 K by this method.

6
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SCIENTIFIC OBJECTIVE.:

The objective of this program is to extend to electronic devices the enormous impact that
metalorganic chemical vapor deposition (MOCVD). as a sophisticated epitaxial growth method, has
had on optical device research. This involves fundamental studies of the MOCVD process itself for
elect.ronic materials, studies of the electronic properties of heterostructure electronic materials, and
studies of devices made from these materials. Two specific areas of interest for this research are
(I continuation of electronic materials analysis including deep-level transient spectroscopy
(DLTS) and Shubnikov-de Haas measurements of quantum well heterostructure and superlattice
structures. and (2) development of 2MOCVD-grown real-space transferred electron devices, the
he'erostructure hot electro c diode (H ED), and other electronic devices.

SUMMARY OF RESEARCH:
In the past two years. we have developed the heterostructure hot electron diode (H 2ED). a

new two-terminal device that exhibits S-shaped negative differential resistance (NDR) due to a
field-dependent transition between the current conduction modes of tunneling and thermionic emis-
sicn of hot electrons in a two-laver AlGaAs-GaAs heterostructure. In the past year, experimental
results obtained for various single period and multiple period H2ED structures fabricated from
wafers grown by metalorganic chemical vapor deposition (MOCVD) have been extended to
demonstration of significant NDR at room temperature and development of all-binary A1As-GaAs
WED devices. Continued investigations of the WED on nonoptimized structures have resulted in
room temperature test-fixture-limited oscillation at frequencies greater than 26 GHz. These results
indizate that, as reported previously, the H-ED should be capable of transit time-limited high-speed
performance. In the past year, we have also continued our research on real-space transferred elec-
tron transport phenomena in negative resistance field effect transistors. In high magnetic field stu-
cies. we have shown that real-space 'ransfer in these structures is associated with a transition of

the t.c-dimensional electron gas to a three-dimensional electron distribution at the onset of real-
space transler. We have recently begur a transport study of structures incorporating MOCVD-
£r': n hi-gher mobilitv lnGaAs strained layers at the interface of negative resistance field effect
trLns istors.
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SCIENTIFIC OBJECTIVE.

Objectives are twofold. The first is to characterize and understand the optical and vibrational
* properties of novel semiconductor superlattices and multiple quantum wells. The second is to

study and understand the dynamics of photopumped carriers in quantum wells.

SUMMARY OF RESEARCH:

Empasis during the past year has been on broadenirg the parameters of our previous work on
dyn'~am ics of pnotopumped carriers. Understanding the processes w.herein the carriers lose their
energy :s essential to understanding the action of fast photoelectronic devices. These measurements
are carried out in the Laser Laboratory of the Materials Research Laboratory using two indepen-
dentlv :unable picosecond dye lasers. one to excite carriers and the other to measure the intersub-
band Raman scattering from the carriers. Through intensity measurements and other spectral
measurements, the populations of the carriers on the various subbands can be determined as a func-
tion of -ime Eariier work established that we could measure and understand intersubband relaxa-
t:on beT-,:een bands with low energy spacing. We have since been trying to measure the relaxation
betwveen bands with greater spacing than the energy of an LO phonon. so far with no positive
results. We have also studied the relaxation between closely spaced subbands under conditions
when carriers are initially given kinetic energy in excess of the LO phonon energy. There is a tem-
poral regime when population of low energy states of the second subband is enhanced by this pro-
cess. Implications of these results will bear further experimental and theoretical examination. The
latter is berig done in collaboration with C. Stanton (Prof. Karl Hess's group).
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SCIENTIFIC OBJECTIVE

The continuing evolution of integrated circuit processing technology toward ultra-small
feature sizes and new compound semiconductor materials and devices demands new computer-

- aided design (CAD) tools and design methods. One of the basic issues is to develop efficient circuit
models for new devices such as the High-Electron Mobility Transistor (HEMT) and important
parasitics of interconnects in high-speed integrated circuits. With such models, integrated circuits

%- can be simulated accurately. During the last two years. we have developed HEMT models and a
time-domain circuit model for lossy transmission lines. Our next goal is to develop CAD tools for
evaluating the effects of statistical process variations on chip yield. reliability, and design

,- ', erification of Ultra-"Very-Large Scale Integrated (U.VLSI) circuits. Novel parallel computation
a;gorithms and optimization in view of yield and reliability will also be investigated.

The main obiecti,.es of this research unit are:

:- (1) to develop accelerated circuit simulation methods for U/VLSI circuits by exploiting hierar-
chy and parallelism: and

(2) to develop rigorous design optimization techniques and programs for yield and reliability
* enhancement.

SUMMARY OF RESEARCH:

This past year. the HEMT model and the lossy transmission line model have been fully imple-
0 mented in the Illinois Simulator for Modeling of Integrated-circuit Level Elements (iSMILE) pro-
- -. gram. HEIMT circuits can now be simulated accurately including the parasitic effects of up to three

Fpara'iei nterconnects without resorting to the indirect. frequency-domain methods. After exploit-
ing the unicue capability of the iSMILE program, especially for developing new circuit models for
new n-vel devices, ,xe have technology-transferred the iSMILE program to the optical interconnect

" -. preiect fNSF Engineering Research Center) for the development of circuit models for optical
Ssc.urtes. photodetectcrs. and optical waveguides. iSMILE can noX be used to simulate HE.MT

r: etectr nic circu:ts.
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In the area of CAD tnols for enhancement of circuit performance, we have developed a
hierarchical design aid system iJADE [5] for optimizing high-performance CMOS VLSI circuits. It
has four novel features. First. it combines analytic tools with a rule-based expert system to take
advantage of timely on-line information to administer rules and to verify actions. Secondly, the
program can detect latches, trace clock paths, accurately simulate voltage waveforms in the circuit,

', "-. and tune synchronous circuits to satisfy the clock timing constraints [24]. Furthermore, a func-
' . tional pattern recogn~tion ability is implemented in the rule-based expert system. Finally, the pro-

gram uses a hierarchical approach that saves a considerable amount of memory space and also
speeds up calculations. especially for large circuits.

The input to the iJADE system is a SPICE-like transistor level description of the circuit along
with interconnect resistances and capacitances. A hierarchical frame data base is constructed

e. according to the hierarchy of the circuit description. The program begins by detecting the worst-
case critical paths using a timing simulator JADE [23]. The algorithms for delay reduction and the
rules are then applied to optimize the timing in the circuit. The entire circuit is then re-simulated
to check whether further optimization is necessary. This process is repeated until either the design
meets the timing specifications or the design cannot be improved further. Since the execution time
is slow for an expert system. an algorithmic-based approach is used to speed up the execution.
whenever possible, while special cases are handled by the rule-based expert system. The main

"- function of the delay reduction algorithms and the rule-based expert system is to speed up the crit-
ica. paths by tuning the transistors in slow blocks and/or subcircuits while satisfying other con-
straints. The iJADE system is written in Franz LISP and runs on a VAX-1 1/780 machine with the
UNIX operating system.

Experimental results on a 4-bit CMOS ALU with 142 transistors show that the circuit optim-
ized by iJADE performed better than the design manually sized in industry. The propagation delay
times as determined by the falling edge of the waveforms were found to be smaller in the iJADE-
sized circuit configuration. The active area used in the iJADE-sized circuit is only 1750 Jm 2 as
compared with 3118 Am in the industry-sized circuit.

Several other circuits have been optimized by running iJADE. The above results show that
iJADE performs CMOS circuit optimization competitively or sometimes even better than conven-
.ional approaches in terms of glitch avoidance, propagation delay time. and chip area. The overall
execution time appears to grow linearly with the number of transistors.

As the feature sizes of Very-Large-Scale-Integrated (VLSI) circuits continue to decrease, the
timing performance of a design cannot be estimated accurately without introducing the signal delay

due to interconnect parasitics. Modeling interconnect parasitics directly from a circuit layout is
therefore very crucial. To this end we have focussed our research in the following areas: (1) inter-

-' connect modeling. (2) hierarchical parasitic circuit extraction, and (3) collapsing technique for
,nterconnects. In the modeling area we have developed FEMRC [251 as a two-dimensional, finite-
element program which computes the resistance or capacitance from the user-specified geometry.
Since the equation formulation for FEMRC is based on a finite-element method. there is no shape
restriction on dielectric interfaces or conductor geometries. In resistance calculation, a quasi-

" " :hree-dimensional effect of contact resistance is also taken into account. We have also developed a
, ,program HPEX [26] that is a hierarchical parasitic circuit extractor that takes the CIF layout
I description as an input and generates a SPICE input with different details of interconnect parasitics.

In this extractor, analytical formulas fitted from numerical data are used to model interconnect
parasitics of VLSI circuits in order to compromise between the accuracy and the computation time.
Simuiations show that by carefully fitting data. analytical formulas can be very accurate, espe-
ciallv %xhen the interconnect region is fairly regular. A layout partition technique, which facili-

*.".-" tates the interconnect modeling, is also implemented in HPEX. Finally. a new node reduction tech-
S nique 127] that accurately reduces parasitic RC networks has been developed. This technique is

capable of reducing a large volume of interconnect data into a manageable size, thereby substan-
- -iallv reducing the effort needed in verification.
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To simulate the effect of statistical process variations without excessive amount of CPU time,
vve ha, e developed a non-nested experimental design method. In this method, we model the statist-
ical circuit performance as a function of transistor channel widths and a noise parameter and select
the simulation points in the design space by an experimental design method. The fitted perfor-
mance model was then used to optimize the worst-case performance function and the squared-error
loss function. Compared with Tagushi's method, which is practiced widely, our non-nested experi-
mental design method reduces the required number of circuit simulations by more than 50%.

In our research work on parallel circuit simulation, we have studied waveform relaxation
(WR) and focused on 4 different parallel WR algorithms, which utilize the natural parallelism of
WR to reduce the run time of a circuit simulation when the simulation is run on parallel proces-

4sors. Each of the algorithms uses either the Gauss-Seidel (GS) or Gauss-Jacobi (GJ) relaxation
method in combination with either the full window technique (FWT) or the time point pipelining
(TPP) technique for the coordination of parallel tasks [28].

We have recently obtained a theoretical result that states that parallel GJ is faster than paral-
lel GS if the number of processors is sufficiently large. when these relaxation methods are applied to
the solution of a class of linear algebraic problems that arise at each time point in the simulation of

.r. MOS integrated circuits [29]. Our experimental results using GS and GJ in waveform relaxation
support the same conclusion: that if the number of processors is large enough. GJ is faster than GS.

During the past year we have implemented the TPP algorithm in a parallel WR program.
* Like our previously developed FWT program. this program runs on an Ailiant FX/8 multiproces-

sor using up to 8 processors. Performance measurements [30] of these programs demonstrate that
GJ-TPP is the fastest of the algorithms on 8 processors for the smaller of our benchmark circuits.
For the larger benchmark circuits which approach 1000 nodes, the extra parallelism of GH-TPP is
not beneficial on 8 processors because the processors are already nearly fully utilized by GJ-FWT.
Estimates of the potertial performance of the different algorithms obtained with our PARASITE
parallel simulation time estimator show that GH-TPP offers the greatest potential performance of
the different methods for all the circuits when the number of processors is large enough, and that
speedups of about 1 order of magnitude should be possible for 1000-nooe circuits on 32 processors.

Since different algorithms produce the fastest results in different situations, we have
developed a presimulation selection procedure to select the fastest of the 4 algorithms prior to
.:mulating a given circuit on a given number of processors. The choice between the different
methods is based on a computationallv inexpensive analysis of the -ubc'ruit interconnection struc-
ture and subcircuit sizes.

Time latency (when a subcircuit is in a dc steady state) and iteration latency (when a

,circuits inputs match the previous iteration) can be exploited to reduce the number of compu-
t'tions in WR. However. the degree of parallelism is also reduced when latency is exploited. We

19 ire currently implementing latency exploitation in our parallel WR programs to measure its impact
multiprocessor speedup.
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SCIENTIFIC OBJECTIVE:

This unit work explores the potential of ultra-low-dimensional semiconductor structures for
electronic and optical device applications. The emphasis is placed on fast transient and the research
is concerned with the conception, design, and investigation of nonconventional devices characterized
by extreme quantization of the electronic system.

Our method involves an integrated theoretical and experimental approach including various
technological components from material growth. processing, and testing to numerical simulation of
nanostructures. In addition, we are conducting a fundamental investigation of new physical effects
in ultra-low-dimensional systems.I
SUMMARY OF RESEARCH:

Novel FET-Device Configuration and New Injection Mechanism

We have conceived a new device configuration for modulation doping structures and proposed
a new tunnel injection mechanism into the channel of FET devices [4.5]. This novel configuration is

- a generic structure that combines a MODFET with a tunnel junction and can be modified for vari-
ous device purposes. We have proposed two new three-terminal devices--the BITFET and the
TIFET--that operate with tunnel injection through the homojunction and capitalize on the
occurrence of negative differential resistance (NDR) and its modulation by the gate field. Abrupt
NDR transitions and- large peak-to-valley ratio are anticipated. Theoretical estimates of the
relevant time constants indicate frequency operation in the 100 GHz range.

Modulation-doped compound semiconductor layers of two material systems. AiGaAsGaAs
and InAlAs, InGaAs/Inp. have been grown by NIBE and processed into active tunnel structures. A

" mask set for the TIFET has been designed and made using electron beam lithography.

A patent disclosure form has been filed for the discovery of the new devices.
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Investigation of Quasi-One Dimensional Structures

\Nanostructure Fabrication and Device Procesi

5" AiGaAs.GaAs and InAlAs"'InGaAs/InP modulation-doped structures for quantum-wire dev-
ices have been grown by MBE in collaboration with AT&T Bell Laboratories, Murray Hill. Using
Nomarski's interference contrast microscopy, the surface morphology of the layers have revealed

.. an oval defect density of only 740/cm2 for AlGaAs/GaAs materials. We have started with the
fabrication of the ultra-small structures on the Cambridge EBMF 6.5 lithography system (at the
Center for Compound Semiconductor Microelectronics), using the PMMA/P(MMA-MAA) mul-
tilayer resist approach. The Cambridge system is capable of a maximum accelerating beam energy
of 30 keV with a beam diameter of - 70 nm. To date, we have realized isolated metals with line
x idth of - 100 nm and metal gratings with the same line width dimensions at 400 nm periodicity.
Figure 1 shows these metals (50 nm Ti.'100 nm Au) gratings fabricated on GaAs.

Current efforts are directed toward the realization of grating structures with smaller periodi-
;tit. However, it is our estimation that the results achieved so far are perhaps very close to the

best that can be realized with the Cambridge System given its characteristics. We have recently
ordered a Cambridge S360 scanning electron microscope (40 keV beam energy and 5 nm beam
diameter) that will be used as a lithography system to realize structures down to - 20 nm dimen-
sions.

S Major efforts have been expended in setting up the processing methodologies in our laboratory
.or GaAs and modulation-doped systems. Using these techniques along with electron beam lithog-
raph,. we have fabricated GaAs FETs and modulation-doped FET's. Figure 2 shows a - 150 nm
rcessed gate GaAs FET. Transconductance as high as 420 mS.'mm with an fm,,x of 43 GHz have

been obtained on these devices. For high frequency measurement, a cascade microwave probe sta-
tion has been moaified to operate over wide range of temperature from 300 K down to 77 K.

Transport Simulation of Quantum-Wire Structures

We have investigated the transport properties of multi-subband quasi-one dimensional sys-
tems by a particle Monte Carlo simulation and found that the transport parameters are a sensitive
function of the confinement conditions. For optimum confinement, the 1-D carrier mobility is over
:wice the bulk value at room temperature. We attribute this excess value to the reduction of the
7'hase-srace that enhances the average carrier velocity.

Z",. We have also investigated Resonant Inter-Subband (polar) Optic Phonon Scattering (RISOPS).
-A hich is the analog effect of magneto-phonon in magnetic field. RISOPS is, however, more general
:han its magnetotransport analog since it occurs with anisotropic v-z confining potential that

. -' results in nondegenerate unequally spaced 1-D energy levels. Under RISOPS conditions, we have
observed significant popuiation-inversion between the second and third quantum level.

rI INTERACTION AND/OR TECHNOLOGY TRANSFER

.Aolid collaborative effort on the MBE growth of modulation-doped structures for low

J:mensional transport has been established with A. Y.. Cho. R. Fisher. and D. Sivco at AT&T Bell
l.jhcratories. Murray Hill. NJ.
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Fig. 1. 100 nmn metal grating line with a pitch of 400 nm on GaAs.

HIBI SIM.

F Fi. 2. 150 nm recessed gate Ga.-s field effect transistor.
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WORK UNIT NUMBER 8

TITLE. Collective Electronic Transport in Quasi One-Dimensional Systems

SENIOR INVESTIGATORS:

J. R. Tucker. Research Professor
J. W. Lyding. Research Assistant Professor

SCIENTIFIC PERSONNEL AND TITLES:

W. G. Lyons, Research Assistant

SCIENTIFIC OBJECTIVE:

The goal of this research is to understand the basic mechanism of charge density wave (CDW)
transport in the linear chain conductors NbSe 3. TaS3 . (TaSe4 ) 21. K0 3 MoO 3. and related compounds.
The motion of CDWs in these materials represents the only known example of electric current flow
by a moving quantum ground state, apart from superconductivity. The response of CDWs to
applied electric fields is nonlinear in both field and frequency, and novel electronic devices may
become possible if the basic properties of tbese systems can be understood. An extensive experi-
mental and theoretical effort is conducted in our laboratory to characterize the dynamics of CDW
motion and to test theoretical predictions.

SUMMARY OF RESEARCH:

The past year has seen enormous progress in our understanding. to the point where we would
novx tentatively claim to have achieved a complete solution to the problem of CDW dynamics.
This work has its origins in the diverse experimental findings we have obtained over the past two
years and represents a total break with our previous theoretical ideas.

CDWs experience a periodic pinning potential due to impurities and defects as they move
along. since displacement by an integral number of wavelengths produces an identical
configuration. The deformable phase-only model of weak pinning, proposed by Bell Laboratories'
theorsts several years ago [6], predicts that this periodic pinning potential should vanish at high
electric fields where the average drift frequency Wd = do/dt exceeds the dielectric relaxation fre-
quency w, Our systematic experimental studies [1.2,4.7.8] of the current oscillations accompany-
ing dc CDW motion, and the resulting ac-dc interference effects with an external ac potential, cul-
minated last year in a clear demonstration [9] that all the basic predictions of the Sneddon. Cross,
and Fisher [6] model are fundamentally incorrect. This was a very important result, since it
overthrew the theoretical model which had long served as the paradigm for most workers in this
fieid.

While our former collaborators, John Bardeen and R. E. Thorne. took this as conclusive proof
of Bardeen's quantum tunneling hypothesis. we began to consider another possible explanation.
Strong impurit, pinning, in which the CDW phase is pinned to a particular optimal value at each
impurit, s:ite. had long ago been dismissed on the basis that phase correlation was known to exist
, er v.olumes much larger than the average n, associated with each impurity. We were able to

sho.v hc' ever. !hat for -vpical dilute impurity concentrations n, < 1000ppm. the average CDW
-pha-e 6( r will indeed remain correlated over large volumes, with very tiny regions of rapid phase

:nierpolation between (b and the pinned value 6, surrounding each impurity site. The resulting
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theoretical model that we have constructed [5] on the basis of Ginzburg-Landau arguments turns
out to be particularly simple. The average pinning frequency is directly determined by the average
spacing between impurities along the conducting chains. Because dc CDW motion must involve
phase-slip at the impurity sites, the pinning potential persists to arbitrary drift frequencies and the
threshold electric fields can be calculated in terms of the Peierls energy gap. Quantitative estimates
are easily extracted for virtually every measured property. and all of these are found to be in

.'r, excellent agreement with experiment. A number of unique properties of the model are also found
to explain outstanding mysteries, for which not even a qualitative interpretation had previously
been possible.

At the present time, we are immersed in the interpretation of experimental data across the
widest possible spectrum, including NMR. broad-band noise, specific heats, far-infrared and mil-
iimeter wave data, and much more. The range of our success thus far is so far beyond what we
zould have imagined six months ago that we are tempted to declare victory, although much remains
tc be done over the next one to two years.

Our previous working theoretical hypothesis. that CDW acceleration represents some kind of
macroscopic quantum tunneling analogous to Zener breakdown, has been found after several years
tc be incorrect, in our opinion. Professor Bardeen has chosen to dissociate himself from our group,
since he vehemently disagrees.

A dev elopment related to this research program is the successful construction of a new scan-
ning tunneling microscope by one of us (JWL) under NSF funding through the Materials Research
Laboratory. The design of this instrument is doubly revolutionary: (1) it needs no vibration isola-

Stion and can thus be placed in experimental environments that were previously impossible for
STM. and (2) it is fully temperature-variable, with a thermal drift < /11hour so small that
detailed spectroscopy of individual adsorbates on surfaces is now feasible, for example. The fol-
lox ing figure illustrates these remarkable capabilities in images of the 2D CDW material IT-TaS,.
The large-scale images show the regular array due to the CDW charge modulation. while in the
smaller scale images one can see the individual atoms underneath. We intend to exploit the unique
properties of this new STM in our future JSEP research.

'p.

' : ,annin tunneling microscope (ST.M) irnages of the charge density wave (CDW) struc-
.e in the 2-dimensionai la-,,er compound IT-TaS,. at two different temperatures.
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WORK UNIT NUMBER 9

TITLE. An Investigation of Plasma and Chemistry Processes in Cylindrical Magnetron
Plasma Discharges

SENIOR INVESTIGATORS:

M. J. Kushner. Assistant Professor
,f1. J. A. Thornton (Deceased), Research Professor

SCIENTIFIC PERSONNEL AND TITLES:

G. Y. Yeom. Research Assistant
M. J. McCaughev, Research Assistant

SCIENTIFIC OBJECTIVE:

The objective of this program is to investigate fundamental plasma and chemistry processes in
radio frequency (rf) magnetron discharges as applied to plasma etching and deposition of electronic
materials. This type of discharge has the potential to reduce damage by ion impact and radiation':" '-during processing- While maintaining high etching or deposition rates.

This research program has the following specific objectives:

% " (1) To investigate the basic plasma behavior of rf driven cylindrical magnetron discharges and to
assess the delivery of activation energy from the plasma to processing surfaces.

(2) To examine the plasma chemistry of low pressure rf-driven magnetron etching plasmas using
CH4-H2 and CF4-02 gas mixtures.

(3) To investigate magnetron reactive ion etching of Si with particular emphasis on the damage
mechanisms and on the basic surface chemistry that establishes selectivity and anisotropic
etching.

(4) To assess the applicability of these discharges to plasma deposition.

SUMMARY OF RESEARCH:

Our research activities are progressing according to the program plan and the statement of
work in the original proposal. We anticipate no change in the program objectives.

The construction and characterization of the experimental apparatus have been completed. and
-we are now collecting data toward satisfying our research goals. The experimental apparatus is a

%- piasma discharge chamber having a cylindrical central electrode, which may be of user selected
diameter, and a cylindrical housing that serves as the outer electrode. Standard high vacuum sys-

% tems are used for gas supply and exhaust. The discharge is excited by either dc or rf (1.8 MHz.
%13.56 IHzJ power supplies and is sustained in a dc magnetic field generated by external coils. The

magnetic field (0-250" Gauss) is uniform to within 15% throughout the discharge chamber. The fol-
io, in-, diagnostics are being utilized in this study: (1) electrostatic probe measurements of the
rrasma and floating potentials. plasma density, and electron temperature; (2) retarding grid elec-
-rostatic anaiyzer to measure ion energies incident on surfaces: (3) optical emission spectroscopy to
assess ',he rate of electron impact excitation; and (4) mass spectroscopy of the species produced in

ie Iasma.

Significant progress has been made toward characterizing rf cylindrical magnetron discharges
C\ID', ,We have found that rf CMD's do not, in general, obey the same current-voltage relation-
.,s tic dc magnetron discharges. and appear more resistive. Magnetron discharges are usually

University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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characterized by I V . and rf CMD's generally have lower n. By measuring the plasma potential
distribution in the plasma using electrical probes, we have determined that this behavior results
from the discharge losing its ability to confine electrons in the magnetron "trap" on the anodic part
of the cvcle. In fact, the discharge may not be self-sustaining during the anodic half cycles. In spite
of these conditions, though. rf CMD's still maintain the highly desirable feature of developing a
low dc self bias on the electrodes and, therefore, will not be as damaging to electronic material
being processed as conventional rf diode discharges.

Electrical probe measurements of plasma density have been performed as a function of posi-
tion in the discharge chamber, rf power, and applied magnetic field to determine the manner of

* power deposition. As expected. we found that the plasma density increases with increasing mag-
netic field, an indication of more efficient electron trapping. We also found that the spatial distribu-
tion of plasma density shifts toward the inner electrode with increasing magnetic field. These
results correiate with our observations of lower dc self bias at higher magnetic fields and indicate
f e-, er highly energetic electrons.

Studies are presently in progress to assess the applicability of rf CMD's to etching electronic
materials. We ha% e begun to parameterize etching rates and the selectivity of etching Si vs SiO2.
We hae obtained high etch rates (1000's .X'min) and found that the selectivity of the etch is a
function of the applie. magnetic field: higher selectivity is obtained with higher magnetic fields.
Optical emission spectroscopy has been performed to determine the relative rates of excitation and
f.-agmentation and. perhaps. tc determine the cause for the change in selectivity. We have found
that the fraction of CF-iF is a strong function of magnetic field, with the ratio increasing with
increasing field a. constant power deposition. Since the selectivity of etching is dependent on the
C F ratio of radicals in the plasma, this change in dominant plasma species may explain our
c-.'-ved changes in selectivity.

PUBLICATIONS
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19S7. (ARO)

' 31 JI. Kushner. "A model for the discharge kinetics during PECVD of amorphous silicon," to be
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WORK UNIT NUMBER 10

V TITLE- Excited State Chemistry in Gases

SENIOR INVESTIGATORS:

J. G. Eden, Research Professor
J. T. Verdeven. Research Professor

SCIENTIFIC PERSONNEL AND TITLES:

C C. Abele. Research Assistant
C. J. Kiely. Postdoctoral Research Associate
L. O\erzet, Research Assistant

SCIENTIFIC OBJECTIVE:
Excited states and/or free radicals, produced by a gas discharge or an intense laser beam. play

a critical role in the etching and deposition of semiconductor material. One case, dry processing
with plasmas. has become the "standard" industrial tool, and much of the imaginations involving
laser interactions are beginning to bear fruit. Inasmuch as these sources of radicals and excited
states oroduce an environment that is far from that described by equilibrium thermodynamics. one
can expect unique. puzzling, and yet most interesting processes resulting from the use of these tech-
niques. Our goals have been and continue to be the understanding of the complex processes respon-
sible for those actions and a development of a scientific model that quantifies the interaction

. between the source (electrons or photons), the donor gas, and the semiconductor surface. We will
continue the basic study of the kinetic processes occurring in these environments, but we also plan
to combine the two technologies.

To gain further insight into these complex processes. a specific target for this next period is to
combine the discharge, with its ability to produce copious quantities of free radicals in almost any-
thing rather easily, with the laser, which has the advantage of energy selectivity and directionality.

SUMMARY OF RESEARCH:

Plasma Processing Discharges

A major thrust of this work has been on the physics of discharges used for the deposition of
materials (amorphous silicon) or for the etcning of the common semiconductors. We had found
that te simple expedient of modulating the rf excitation of the gases with a low audio frequency
square wave (10 Hz - 50 kHz) made a significant difference in both the microscopic properties of
the piasma and the macroscopic characteristics of the films. Table 1. taken from our paper at the
MRS meeting in San Diego. 1987. illustrates that the effect is not just a small perturbation. Our
eforts have focussed on obtaining a physical explanation.

University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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Table 1. The optical eproperties of films produced in CW and SQWNM discharges
200 Hz modulation frequency). (* data unavailable)

CW/ Substrate Refractive Optical Dark AMI Activation
SQWM Temperature Index Bandgap Conductivity Conductivity Energy:2(00 (at lI.gm) (eV )  (11*em)- I (91*cm)-i (eV'l

CW 160 2.71 2.00 4.6 E-13 3.0 E-07 0.92
SQWM 155 3.09 1.82 6.8 E-12 1.8 E-07 0.87
CW 200 3.01 1.89 1.7 E-0.6 0.85
SQWM 200 3.08 1.84 2.2 E-11 3.9 E-06 0.85
CW 235 3.04 1.94 3.1 E-12 1.9 E-06 0.88
SQWM 255 3.15 1.81 1.2 E-i1 1.3 E-06 0.84

7CV 300 3.11 1.82 4.9 E-11 7.5 E-06 0.84
--. SQWI 300 3. 13 1.82 1.3 E-I 1.3 E-6' 0.83

The complicated time evoluation of the bulk electron densities in 98% He, 2% Sil 4 suggested
.that attachment (to a radical) was playing a significant role in controlling the plasma density.

[ • hich appears to be directly correlated with the change in film properties (i.e.. lower bandgap, high
mass densitv). Consequently. we have attempted to detect the negative ions wx-ith a mass spectrom-
eter.

In order to obtain "practice" toward this goal. we have used CF 4 and 97.3% He + 2.7% F2 mix-

ture as the donor gases. We find dramatic enhancements of the F signal with modulation rate, as
shown in Figure 1. We have succeeded in modeling this enhancement by recognizing that the
sheath polarity in most discharges is such to confine the negative charges (electrons and negative
ions) and enhance the outward flux of the positive charges. otherwise the electrons would escape to
the ,valls and electrodes far too rapidly and extinguish the discharge. By clamping the excitation to
zero for 50'c of the time, the sheaths disappear and the negative ions can reach the electrodes. This
may have a significant effect on etching or the deposition of the materials. Shown in Figure 2 is the
relate ion signal as a function of RF power. Notice that the F' signal scales directly with power
as expected; vhereas the F appears to saturate. These two figures are the basis for a publication

being prepared at this time.

Laser Growth of FilmsS

%! Phctoenhancement of Surface Mobilities

Considerable progress has been made in the last year in applying laser material interactions to
he growth of metal or semiconduCtor films. Two parallel research efforts are involved. The first

is concerned with illuminating surfaces with low fluence visible or ultraviolet (UV) coherent radia-
ton in order to imprQve adatom mobilities and, hence, improve film quality (morphology. struc-
ture. etc., and permit film growth at lower substrate temperatures. At the time of our last annual
report. exrrerimerts in which disilane (Si,H,) was being pvrolvzed were just under way. These
-- r'erimentw vill be ccmpleted later this year and the results to date are gratifying. Figure 3 |flus-
.rates ne effect of surface irradiation on the growth of Si from Si H

"i H- I "c urngeedt. he...... ~1 ' p ~ ' -t ress uire wvas m aintained at 9.(6 Tort (p,, H 6  0.5T r t) and film gro wvth rate (7ata
0 ere aken . .:th and ,ithoLII urace illum ination (N 193 n m., ArF laser). In order to a oidl

: '2 ::- :~at ransient heating -)t the substrate, the average ArF lase:- po\er- ',as fixed at -125 m\V
--'.', : . r a P R Y ". 10 o H z , . .,, o n ly 1 .2 5 m J p u lse ,. W Vh ile . as e x p e cted , t he p re e n ce o f lase r rad ia tio n

Ha, hLz*ie iifferene a: high ,,straze lemperatures (T- > -50' C> x nere ;urface mobilities are
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* F ions (+ & -)from a 2.7% F2 in helium glow.

104

10 2

Caa

102Nl

101 10

101 J12 3o4 i6

Modulation Frequency (Hz)

Fic1. aritio oftherel~ie ion signal w, ith modulation frequency. The power was 7.5
wkatts with a total pressure of 0. 7 Tort.
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2.7% F2 in helium discharges
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"%F Fio 2. Variation of the ion signals A ith the peak power exciting the discharge.
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adequate. the impact at lower T, ( < 6500 C) is quite dramatic. In particular. the Si film got

rate in the absence of external UV irradiation is roughly half that measured when the laser is on.
In passing, it should be noted that each point in Figure 3 represents the average of several (at least
3 and in many cases. > 6) experimental trials, and the error bars represent one standard deviation

.. in the data.

Also. the film growth rate enhancement is only part of the story. The improvement in sur-
face morphology that is observed in the presence of the UV beam is equally dramatic. More
detaileu studies of Lhe properties ui the llms are presently oeing carried out by Dr. Kiely at the
Center for Microanalysis (here at the U. of I.) using transmission electron microscopy.

Metal Ion Production by Multiphoton Ionization of Molecules

One of the most promising applications of laser physics and technology that has received little
attention is the generation of high brightness, pulsed beams of singly charged metal ions. If suc-
cessful, this technique would provide a relatively simple and inexpensive means for producing
beams of a w.vide variety of metal or semiconductor ions. For such a technique to be practical, how-

00~0ever. wil] require that the fragmentation pathways of the precursor molecule be better understood.

I: Our initial experiments have centered on Al+ or Ga+ ions produced by the multiphoton ioniza-
Stion of precursors such as trimethylaluminum (TMA). Little is known of the processes involved

• and. although the A- production rate is dramatically enhanced in the vicinity of a three photon
" . r.esonance in atomic aluminum, the products of and mechanisms responsible for ionization off-
00 , resonance are poorly understood. Similar comments hold for the production of Column IliA ions

by dissociative ionization of metal halides in the VUV (such as In+ from InI).
To more closely investigate this process, we have recently constructed a time of flight (TOF)

mass spectrometer and have carried out several experiments involving the fragmentation of
Ga(CH3) 3 by tunable blue dye laser radiation. The apparatus is shown schematically in Figure 4.

* Representative time-of-flight (TOF) spectra that have been obtained with this system are presented
in Figure 5. Such data demonstrate that the system resolution is sufficiently high to resolve peaks
associated with the two most abundant isotopes of gallium. It is a simple matter to select a partic-

-ular mass p'eak for study, and preliminary experimental results show that the spectral dependences
or the Ga peaks differ considerably from those for the other fragments. In particular, the atomic

ion spectra display strong resonant structure whereas the other fragments yield essentially con-
tinua. These experiments are continuing with the goal of elucidating fragmentation patterns for
the molecule, both on and off a gallium 2 - 1 resonance.

Our primary goal is to study the scaling of the Ga+ ion production rate and determine if the
obtainable Ga current makes this process competitive with current ion production techniques.

* These experiments will also be extended to other metal atom precursors such as the metal-halides.

.0,
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WORK UNIT NUMBER 11

TITLE: Monolithic Millimeter-Wave Integrated Circuits with Microstrip Antennas

*' SENIOR INVESTIGATORS:

S. L. Chuang, Assistant Professor
Y. T. Lo, Research Professor

SCIENTIFIC PERSONNEL AND TITLES:

M. I. Aksun. Research Assistant
B. Do. Research Assistant

SCIENTIFIC OBJECTIVE.

Our principal goal on the investigation of monolithic microwave integrated circuits (MMIC) is
to inteorate active solid state devices with microstrip antennas. It includes the study of propaga-
tion characteristics of guidance structures and transmission line discontinuities, the coupling
bet,, een \x aveguides. and the integration of solid-state amplifiers wX ith microstrip antennas.

SUMMARY OF RESEARCH:

(a) Study on Guidance Structures and Transmission Line Discontinuities Using
Supercomputer

Dielectric w.'aveguides. transmission lines, and discontinuities are the canonical parts of
millimeter-wave integrated circuits. Therefore. the propagation characteristics of rectangular
dielectric waveguides. microstrip lines, and coplanar lines have been studied. '..- discontinuities.
such as open microstrip line and open and shorted coplanar lines, have been characterized.

To fully understand the operational condition of the rectangular dielectric waveguides. one
must obtain the relationship for the propagation constant and the mode pattern inside the
.v aeouide in terms of the frequencies and the waveguide geometry. The purpose of this research is
to derive such a relationship using the analytical effective index method and the numerical finite
element method_ The computer program developed using the finite element method can also be
applied as a CAD :ool for dielectric as well as nondielectric waveguide designs.

A computer program using the method of moments in the spectral domain has also been
developed to analyze the propagation characteristics of the microstrip line. coplanar line. and their
aforementioned discontinuities. A large amount of computation time is required when executing
the program. Thirty hours of supercomputer CPU time have been granted to work on this project.

(b) Coupling Bet weern Anisotropic Waveguides and the Electro-optical Effect

During the past year. the applications of the strongly coupled-mode theory to a reciprocal
arsotropic mult~waveguide system and multiple quantum-well channel waveguides have been stu-
died. The 2eneral reciprocal anisotropic medium is described by a symmetric permittivity tensor

".at can have nonzero off-diagonal elements. The derivation was based on the generalized recipro-
c!t. reiation. and he derived coupled-mode equations are applicable to both lossy (gain) and loss-
less .stems. Tile improved coupied-mode theory in an anisotropic multiwaveguide system has
aisc been illustrated with numerical examples. Furthermore, the quadratic electrooptic effect in the

!muliquantum-',w ell structures has been considered. It has been shown that only a moderate elec-
i;c :ie~d for mu~tiquantum-we!l is necessary to achieve the optical power switching compared with
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.ha, reouired for a bulk GaAs waveguide. These results are useful for both millimeter-wave
dielectric waveguides and integrated optical circuits.

(c) Experimental Study on the Integration of Microstrip Antennas

P .. We have been working on the components of the integrated circuits and their integrations.
We have studied experimentally an aperture-coupled microstrip antenna and are comparing it with
copianar-fed microstrip antennas. Specifically. the aperture-coupled microstrip antenna consists of
an aperture in the ground plane which couples a microstrip line below the ground plane to the
patch above. An experimental model of this antenna was designed at 3.6 GHz. It was found that
the back radiation and the return loss at f=3.6 GHz are lower than 20 dB and 15 dB, respectively.
When the return loss was measured over the frequency range of 3-10 GHz, another frequency, 6.8

, GHz. was found with a return loss lower than 15 dB. This is believed to be due to the presence of
the aperture. It is known that if slots are cut in the patch where the magnetic field of the (0.3)
mode is maximum. they can have a strong effect on the (0.3) modal field, in particular, to lower the

,., operating frequency for the (0.3) mode. In addition. 2-by-2 aperture-coupled and coplanar/slot
>ine feed microstrip arrays wvere designed to investigate the possibility of beam steering. The
dimensions of the patches and the distances between patches were chosen for the operation fre-
quenc% at 3.6 GHz. The feeding system of the aperture coupled array was designed using
Wilkinson's power divider to reduce the effect of the reflection from the branches. The input

1 mnpedances. co-polarization and cross-polarization characteristics were measured.

The amplifier was designed using the coplanar-line matching network. This was necessary for
the integration of the amplifier with the copianar-fed microstrip antenna. First of all, S-
narameters oi the FET-transistor (packaged NEC 700) to be used in the amplifier were measured.
Then input and output matching networks using coplanar lines were designed to match the input
and output of the transistbr to a 50-ohm line and to antenna, respectively. Although this is a

Shybrid integration, it helps us in the development of the theory and software programs for the
monolithic integration.
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WORK UNIT NUMBER 12

TITLE Investigation of Radar Scattering Characteristics of Controllable Surface Shapes with
Application to Low Observable Targets
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A. Chang. Graduae Student

- R. Gordon, Fellow
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SCIENTIFIC OBJECTIVE:

*There are three principal objectives of this effort. The first is to develop efficient integral
equation and differential equation techniques for solving the problems of electromagnetic scattering
and coupling into complex structures. The second is to study techniques for reducing the radar
cross-section of targets of different shapes. The third is to analyze frequency selective surfaces
(FSS) for radomes and other antenna applications.

P SUMMARY OF RESEARCH:

During the last twelve months we have solved the problem of scattering by resistive honey-
comb structures that are useful for fabricating low observable vehicles. The problem of computing
the effective complex dielectric constants of such structures has been solved, up to the resonance
region Next. the problem of complex modes in periodic resistive structures has been addressed and
these modes are being employed to represent the fields inside the honeycomb structure and to corn-
pute the scattering characteristics of truncated honeycombs.

We have also considered the problem of scattering from a body of revolution (BOR). which
can be quite large compared to the wavelength. We have developed an efficient algorithm for com-
putin- the RCS of BORs that is ten times faster than the conventional methods. Furthermore, we
ha'e studied the problem of reducing the radar cross-section of a BOR by coating it with one or
more lavers of lossv dielectric media.

During this period we have initiated the study of Absorbing Boundary Conditions (ABCs)
-,:h the objective of substantially reducing the mesh size associated with the PDE approaches to

'iing )pen region scattering problems. The FEM approach appears to be quite promising for com-
-ie-,, targets that are inhomogeneousi\ loaded.

We ha-,e continued our investigation of the frequency seiective surfaces (FSSs) and have
ocused .'ur attention on 'he problem of scattering from curved and truncated FSSs. Both singly
.nc doubiv truncated FSSs have been considered. and structures with dimensions quite large cor-
,ared to the ;,aveien-th have been investigated by using a technique that allows one to handle over
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1000 cells, each one requiring several unknowns for the accurate representation of the current dis-
tribution on the cell patch. We are clcrrentlv considering the finite FSS geometry with a dielectric
substrate and we plan to study multiple. truncated screens in the near future.

As for the curved surface FSS. we are investigating the problem of scattering (both in-band
and out-of-band) by a parabolic surface comprised of frequency selective cells. The curved surface
problem is being investigated as an extension of the planar problem by using a locally planar
approximation. The investigation of this problem will be continued.

PUBLICATIONS

JSEP-SPONSORED PUBLICATIONS:

ii[ T. Cwik R. Mittra. K. C Lang. and T. K. Wu. "Frequency selective screens." IFEE Antennas
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1[] C. H. Chan and R. %Iittra. "Comparative study of iterative techniques, moment method and
spectral Galerkin approach for solving the problem of electro-magnetic scattering by a rec-

* tangular plate," LEE 5th Puti. Con!. on Antennas and Propagation JCAP 87, York, Mar. 30 -

Apr. 2, 1987, pp. 443-446. (JSEP)

3, T. Cwik and R. Mittra, "Frequency selective surfaces of constant curvature," lEE 5th Int.
*. Cc~nf. on Antennas and Propagation ICAP 87. York. Mar. 30 - Apr. 2. 1987. pp. 67-

70. (JSEP)
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270. ONR, ARO)

-". Z. Pan.tic and R. Mittra. "Quasi-TEM analysis of microwave transmission lines bv the finite-
element method." IEEE Trans. Microwave Theorv and Tech., vol. MTT-34, no. 11, pp. 1096-
1,03 Nov. 1986. (ONR, ARO)
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WORK UNIT NUMBER 13

TITLE. High-Performance Testable Electronic Systems

'-
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SCIENTIFIC PERSONNEL AND TITLES:
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SCIENTIFIC OBJECTIVE:
This unit seeks to develop, model, and analyze efficient, high-performance, and testable com-

-: puter architectures which will exploit compound semiconductor technology. There has been
. .. increasing interest in the use of compound semiconductor technologies, such as gallium arsenide

(GaAs). as a vehicle to develop high-performance electronic systems. Various studies have indi-'.

cated that GaAs devices will become a larger share of the semiconductor market in the coming
years. In addition to the high performance possible, the capability for greater radiation hardness in

,* the compound semiconductor technology is of great interest to military systems. We have
identified several aspects of computer architecture for particular attention, due both to their emerg-
ing importance from a technology-driven point of view and to the lack of known structures or
analysis techniques for meeting our objective.

* SUMMARY OF RESEARCH:

Memory Organizations

Chip area is a critical resource in the design of VLSI processors. and careful allocation of
available area will help maximize chip performance. This research compares several different local
memory organizations applicable for single-chip processors. Several cache typesv-instruction, data.
split, unified, stack, top-of-stack-were considered. These are compared to multiple register set
architectures to which various caches can also be added. The performance metric of interest is
effective access time. since a wide variety of register and cache organizations is used. A model for
access time and a model for chip area required for each organization form the basis for comparison.
Extensive simulations of several register-memory organizations were performed. Address traces

- from a VAX-1 1/780 running systems programs were used in the simulation. The results are some-
%what surprising for very small on-chip memories: in particular, stack caches and instruction caches
performed better than the conventional wisdom of adding more registers or a companion data
cache.

Tra:e-driven simulation is a simple way of evaluating cache memory systems with varying
harc'. are parameters. To evaluate realistic workloads, simulating even a few million addresses is

• nol adequate and such large-scale simulation is impractical from the consideration of space and
requirements. Therefore, simpl orting more simulation results on cache memories. which

,'. x'are fcuind in profusion in existing literature, is not the goal of this research. The goal of this
researcb is to develop new methods of cache simulation based on statistical techniques for
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decreasing the need for large trace measurements and to predict true program behavior. In the pro-
rosed method, sampling techniques are applied while collecting the address trace from a workload.
The cost of the sampling-based simulation method in terms of both memory space and computer
uime is significantly lower than conventional techniques. For a trace length of 5 million references,
this method typically requires collecting only 7% or less of the trace for smaller caches. For large
caches, much longer segments of traces are required by conventional methods. The new method
estimates the true value of miss ratio with much lower overhead. This technique gives accurate
estimates of both the mean value and the distribution of the miss ratio.

Last year we reported the success of the sampling method for small cache. We have contin-
ued this work for large caches. The large caches are becoming very common and their behavior can
on-l be studied by using massively long traces. However, the above sampling-based methods are
net direct:, applicabie to iarge caches where significant amounts of data are retained across the con-
e tex s'., :tches. Therefore a new. concept of primed cache was introduced to simulate large caches
T. the <ampiing-based method This is achieved by simulating only those portions of the cache
x nose rue state can be recreated even from the sampled trace. Both direct-mapped and set-

.sscc;at'. e cache . as large as 12S Kbytes. have been studied using these methods. Extensive
erifiai ,.rc expr.ment , .vere carried out and the results obtained indicate that the primed cache

- c,,nerl" *. it' .am.ed simnuation method gives very accurate miss ratios.

Improved Methods of Simulating Transmission Lines
I

Th,.s- research addresses the accurate assessment of interconnection delay in high-performance
:nitegrate ciircuit technologies. The models for the interconnections between devices can generally

S:')e div~ced into two categories. In the first category the signal transition time is sufficiently longer
ta.n the delay of the signal propagation through the interconnection. Interconnect models in the
*.rs- category include the lumped capacitor and the distributed RC line. In the second category the
".ransition timme is less than twize the delay of the signal propagation. thus a transmission line model
must be considered. Models in the second category include single (uncoupled) lossless and lossy
'RLC) transm:ssion lines and coupled lossless and loss transmission lines.

We have developed new techniques for simulating lossv, (RLC) transmission lines based on
*.he method of characteristics. For uncoupled lossy transmission lines, a method is presented that
seeds up the simuiatior, time by a factor of two compared with existing techniques. A method is

also presented for the transient analysis of coupled lossv lines in an inhomogeneous medium. Pre-
v:ouslv, simulation techniques were limited to coupled lossy lines in a homogeneous medium.
Results in this area ,vill be used to develop techniques and tools to evaluate the performance of
nMh-rerf ormance computer systems implemented with new packaging technologies.

PUBLICATIONS
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I

SCIENTIFIC OBJECTIVE

This unit is concerned with exploring new directions in fault-tolerant computing that will be
useful in understanding the basic principles in design. testing, error prediction, and circumvention
for reliable complex computer systems. Basic research is being performed in the three areas of
parallel test pattern generation, reliable distributed database systems for real-time applications,
and intelligent error prediction and circumvention.

SUMMARY OF RESEARCH:

Parallel Algorithms for Automatic Test Generation

In the past year, we have performed research into the investigation of algorithms for
automatic test pattern generation (ATPG) in a parallel processing environment. We have identified
several techniques for partitioning a large circuit into blocks. We have also studied the effect of
assigning circuit blocks to processors in a multiprocessor environment on the algorithm perfor-
mance. In conventional test generation algorithms, during the decision-making process, we may
have more than one way to satisfy our current objective. In a parallel environment, we can evalu-
ate the alternate choices in parallel and avoid backtracking. This sort of parallelism is called OR-
parallelism. In satisfying an objective, there may be some necessary subgoals that must be solved.
These subgoals can be solved in parallel, and this form of parallelism is called AND parallelism.
The proposed test generation algorithm uses AND/OR parallelism. We can get further speedups by
'" prallelizing the forward implication steps. Apart from an algorithm based on decision trees such

6 as PODEM or FAN, we are also working on a simulation-based algorithm that uses a cost function
to guide the search for a test vector. The proposed test generation algorithm also uses parallelism
at a higher level. Given a list of faults, we can generate tests for different faults in parallel. The
test generation step) is usuallv followed by fault simulation. We are at present investigating
different partitioning techniques for fault sets so that communication between processors for fault
simulation is reduced.
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Reliable Distributed Database Systems

A new technique, based on virtual backpointers, has been developed for local concurrent error
detection in linked data structures. Two new data structures. the Virtual Double-Linked List and
the B-Tree with Virtual Backpointers, have been designed and implemented based on this tech-
nique. The data structures are appropriate for real-time applications since they allow concurrent
error detection in 0(0) time with little or no storage overhead and few extra node accesses. For
purposes of analyzing local concurrent error detection strategies, a checking window metric has
been developed. Checking windows define the dimension of the locality and are a function of the

icost of performing local concurrent error detection. These techniques have been implemented in a
data structure software package and are currently undergoing experimental performance and relia-
bilitv analysis.

We have also developed a strategy for reliable storage reclamation in distributed object-
oriented systems. A distributed garbage collection algorithm that does not require global state
information has been developed. The algorithm exhibits the property of graceful degradation and
functions in the presence of inactive processor nodes. Compaction of objects is supported and
object locality is exploited to reduce overhead. An implementation utilizing the operating system
MACH and the transactions facility CAMELOT is currently under way.

Intelligent Error Prediction and Circumvention

A new technique for extracting behavioral models that characterize jointly, system resource
ind error activity, has been developed. This technique has now been adapted to develop models of
system behavior in real-time. The model extraction system takes, as input, measured data of
resource usage and error occurrence. Statistical clustering is then used to identify recurring pat-
terns of usage and failures for the set of applications or workload under consideration. The
identified patterns are then used to define a state transition model of system behavior. This model
extraction approach is now being used to investigate real-time resource reconfiguration for both

*, optimum performance and optimum availability.

It has been shown that such analyses are not only capable of accurately predicting system
performability. but error prediction based on the past occurrence patterns as well. A new approach
for utilizing the identified failure and resource usage patterns for system failure diagnosis is now
under investigation.
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SCIENTIFIC OBJECTIVE:

,- For several years one of the most vigorous areas of research in information processing has
been the analysis and design of efficient computation techniques. Its impact has been not only on
the availability of better computational methods for a number of significant applications, but also
on the awareness in the computing community of the crucial importance of algorithmic design. By
investigating both upper and lower bounds to the resource requirements of specific applications,
this discipline effectively develops a methodology aiming at a quantitative formulation of the
inherent difficulty of problems in the appropriate computation models.

The involvement of our research group with this topic is well established and dates back to
-" the early seventies. Our record over this period shows that our focus (as well as that of our peer

community) has been adjusting dynamically. as changes in technologies have modified the general
research horizon and the perception of relevance. The most significant change of this type has been

* the advent of Very-Large-Scale-Integration (VLSI), which has profoundly influenced essentially
every facet of our current research interests. The advent of VLSI is important in two major

I respects: one is the present possibility to realize massively parallel computers- the other is the
• ' introduction of criteria of complexity (the VLSI "model"), which takes into account the design rules

* dictated bv the new technology. Therefore. while maintaining our interest for problems in the
• . more traditional areas (Von Neumann computations), our current work emphasizes research on the

potentially revolutionary domain of concurrent computation.

4

SUMMARY OF RESEARCH:

Parallel Computation and Graph Algorithms

t '. We have continued our investigation of efficient parallel algorithms for graph problems. We
ha*e developed a nex algorithm for testing graph four-connectivity and for finding all separating
..;plets of a tri-connected graph. This algorithm has both sequential and parallel implementations
.hat are better than previous algorithms for the problem. On an n-node graph. the parallel aigo-

th-. runs in 0(log-n) parallel time with n processors on a CRCW PRAM.
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We have developed an improved sequential algorithm for determining the vertex connectivity
of graphs. As an aid to developing good parallel algorithms for graph connectivity, we have stu-C, :) 0 0k 2-died the structure of separating k-sets in a graph. We have obtained a O(c n-) bound on the
worst-case number of separating k-sets in a k-connected graph, with exact results for k=2 and 3.
We have also obtained a compact, linear-size representation for these separating k-sets.

We have imnroved the running time for efficient parallel triconnectivity testing to 0(logn)
from 0(logn) by developing two new parallel algorithmic techniques. We have developed fast
parallel algorithms for several problems on reducible flow graphs, and we have obtained an
interesting minimax arc theorem for them. We have also obtained fast and efficient circuits for the
problem of integer division.

We have spent a substantial portion of the last year in preparing a survey article with R. M.
Karp at University of California. Berkeley. on parallel algorithms for shared memory machines.

i ~This survey was invited for the Handbook of Theoretical Computer Science, by the editor, J. van
Leeuwen. and will be published by North-Holland.

Models of Parallel Computation

We have significantly strengthened our time and space bounds for simulation of PRAMs with
--9 unit-cost multiplication and with unit-cost shift instructions. Let PRAM[*] (PRAM[T.1I) denote a

PRAM with a unit-cost multiplication instruction (respectively left shift and right shift instruc-
ions). For convenience we use PRAMs with the concurrent-read-concurrent-write capability.

Every PRA.M[* ] of time complexity T(n) can be simulated by an ordinary PRAM in time
OT2(n),'io9T(n)) and bv a Turing machine in space T2(n). Every PRAM [T,] of time complexity
T(n) can be simulated by an ordinary PRAM in time O(T2(n)) and by a Turing machine in space
T3 (n). We have obtained analogous results for PRAMs with unit-cost division.

Parallel Implementation of Signal Processing (in VLSI)

Signal processing is a most typical candidate for high-efciency dedicated parallel computa-
Lion. For increasing input rate, processing is feasible only by resorting to massive parallelism. i.e.,
to an nq-:h extension of the original order-n filter. We have shown that the operation is reducible
,o convolutions with fixed n-vectors and propose to realize the computation by means of the
twisted-reflected-tree. a network naturally suited for prefix computation. The fact that digital
filtering is structurally in the class of prefix computations has motivated an in-depth stud,, of

0 srace-time trade-offs for circuits for parallel-prefix computations. We have shown that inherently
different trade-offs exist depending upon the structure of the operation semigroup [6].
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SCIENTIFIC OBJECTIVE:

The term "'sensor array system" refers to a large class of remote sensing systems in which
data are collected and recorded by many independent sensors. or by one sensor that is moved to
ditterent sptial positions. The recorded data are processed by a digital array algorithm to produce
a high-resolution object function. Some of the more important multi-sensor array systems now in
use are synthetic aperture radar (SAR), computer-aided tomography (CAT), and beam-forming
sonar. The objective of the research in this unit is to develop both the theory and computer
• erification of new signal processing methods with the goal of overcoming current limits on resolu-
tion and data throughput rates for these systems. Specifically, we propose to develop reconstruc-
tion algorithms that: (1) can achieve high resolution from a limited amount of sampled data; (2)
ha',e small enough computational complexities that real-time implementation is feasible; and (3)
can be partitioned into sets of elementary operations suitable for VLSI realization.

SUMMARY OF RESEARCH:

During the past year our JSEP research has concentrated on two aspects of high-resolution
sensor array processing: adaptive filtering and beamforming algorithms. and signal and image
recovery from incomplete observations. In the adaptive area we have continued studying discrete
orthogonal transforms for improving convergence properties in adaptive finite impulse response

FIR) digitzl filters that operate in colored noise environments. Also. we have extended the princi-
ples of 1-D adaptive filtering into 2-D by creating a new 2-D adaptive filter structure having reduc-
ing computational complexity. In the area of signal and image recovery from incomplete observa-

.4 *.ns. '.e have developed a nex algorithm based on the Hankel transform for inversion of polar
t-,rmaL Fourier data in tomography and synthetic aperture radar. We have also performed exten-
si. e comnparison tests on several Fourier phase retrieval algorithms, and we have developed a new
a,.'or:thm 'cr discrete band-limited signal extrapolation.
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ID and 2D Adaptive Signal Processing

The least-mean-sauare (L-NIS) adaptive algorithm is the best known and most %xidelv used
rea.-time adaptive FIR filtering algorithm due to its simple computational requirements. However.
as VLSI digital processors become cheaper and more readily available, the question arises as to
\whether more effective real-time algorithms can be found that take adva;t*.age of increased compu-
rational resources as they become available. It is well known that a real-time decomposition of the
incoming signal into a set of nearly orthogonal components leads to faster convergence rates when
the adaptive systems trains on colored noise inputs. In this work. transform domain processing

.. i ',as characterized by the effect of the transform on the shape of the mean-square error surface. It
,k as shown that the effect of an ideal transform is to convert equal error contours, which are ini-
: ii; hvperelli-ses in the parameter space. into hyperspheres. Four real-valued orthogonal
t"ransforms were experimentally compared and evaluated in terms of learning characteristics for
d:fierent classes of input signals The discrete Hartley transform, a relatively obscure real-valued
.rtnogonal transform. was shown to perform very well in comparison to the Walsh Hadamard
:ranslorm. discrete ccsine transform, and a custom-designed. power-of-2 transform.

In the area of 2D signal processing, a new 2D adaptive digital filter was created by applying
an LiS adaptive algorithm to the parameters of a McClellan-Chan 2D digital filter. By applying
tah ddafLtaton to only the 1D prototype coefficients. while keeping ihe parameters of the McClellan
man-ing rixei. a constrained adaptive filter resulted that requires the update of only M- parame-
: "ers at each iteration (as opposed to (M+1)2 for a conventional 2D structure), where M=(2N-'+l)/2
and N is the length of the ID FIR prototype. Three features make this design particularly useful:
I the classes of achievable designs include many important types of filters that are useful in prac-

Sica n image processing: (2) the computational complexity is sufficiently reduced compared to a
c:rec :orm I-MS structure that implementation in real-time applicatioiis becomes an economic pos-
<h:Vv; and '3) the convergence rate of the new structure is much faster than a direct form 2D
I.MS jilter.

Signal and Image Recovery from Incomplete Observations

- \Ve have developed a new algorithm for reconstructing a 2-D image from a finite set of its
-:neod r-rections. The algorithm, which we have named the Hankel Transform Reconstruction
HfR icrtnm. is polar-coordinate based. The algorithm expands the polar form Fourier
,.-. r -n F(r.O cf an ima Re into a Fourier series in 0: calculates the appropriately ordered Hankel

'- . r ,r-" ct the coefficients of this series. giving "he coefficients for the tourier series of the polar-
-, r a -e f(p,6 resolves this series giving a polar-form reconstruction: and finally, if desired.

.- 1,ates this reccnszruction to a rectilinear grid. We have developed both the theory and
-' . ,e~e :rnieentation of the HTR algorithm and have .r,estigated errors arising in its implemen-

e have also compared it wtvh tne pcpular con\olution back-projection algorithm and
:I ::nd hL" *he FTR algorithm can take a Iactor of 2 less computation.

e a.e performed extensive computer simulations to compare several phase-retrieval algo-
"-.-. respect to noise sensitivitv and computational requirement.. Specifically. the fol'ow-

" t -n ere studied: a) solving a set of nonlinear equations hased on autocorrelation func-
teraivelv g ,oing back and Iorth between the spatial and frequency domains and imposng

i • ,' ., .:nstiant> ir each dmain: (c doing many I1-D spectral factorizations and then searching for
r.:r,:,In 2-I) solution: (d) doing 2-D spectral factoriza'ion direct',. 5'. zero-tracking in the com-

.'n -l , na been I ound tha method (b) is superior to the othoers.
. In tne area 01 e:erapjatio A/C have cevel)ped a ne'x airithm for discrete band-

o':, , :,tra' d<'.,n tqat ,rer:,rmm e-xisting aig rithrns. This newx algorithm recursivelv
. .'- . "~.x, '- '~;ni n n in :t, : r,? e . cloman to ma , the energy ,oi the ,xeighted signal

............ ". it "l.'f tn}7-Dd .e < Hj~l . : : - a.'c{ repr.-sent the uankn.,vn .gnal.
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SCIENTIFIC OBJECTIVE:

The research in this unit is motivated by, the observation that modern signal processing cannot
be dcne in real-time on a single sequential processor. To achieve real-time operation. signals gen-
erated by sensor-array systems must be processed in a pipelined and/or parallel mode using a large
number of fast, dedicated processors working in unison. The objective of this work unit is to

de~elop high-throughput, VLSI structures for the real-time implementation of high-resolution
algorithms developed in Unit 16 for sensor-array systems such as synthetic aperture radars.
beam-forming sonars. direction finders, and x-ray CAT scanners.

SUMMARY OF RESEARCH:

Research on this unit for the period April 1987 through March 1988 has concentrated on (1)
parallel and pipelined VLSI structures for fast digital filtering. (2) systematic design methodologies
for mapping algorithms to VLSI structures, and (3) the application of RNS arithmetic to modular

* VLSI design.

Earlier, we reported the de',ilopment of new parallel VLSI structures for high-speed FIR and
I IR digital fltering [2]. The structures we have studied are block versions of the sequential direct-
-orm. cascade-form. and parallel-form. These block structures produce multiple outputs per mul-
-,ihiication cvcle (unlike the classical sequential structures that generate one output in the time

0 requaired f-,r one multiplication): and are, therefore. capable of achieving throughput rates much
hi~gher than the clock rate of the chip. In this reporting period, we have studied the effects of finite

.-.-. x .ler'-h on these structures and have concluded that the finite-precision behavior of the new
structures as measured by con~entional means such as the variance of round-off noise, or the sen-

s.-. itt:., o: .he transfer function to coefficients; is superior to sequential structures. However. block
str,cture, nave other problems (that are unique to them) caused by finite wordlengths. Stability

O _) ,e reaiizat~on can become a problem \hen the parameters are quantized. Moreover. the overall
,s.e n mi ht behave as a time-varing system as a result of coefficient quantization. WVe have
-.e',,eXoeG a new blcck structure that is guaranteed t.o be time-invariant and stable even in the
'rescence ,f coefficient uUantization errors [3]. We are currently working on schemes to
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incorporate pipelined coefficient multipliers in the block structures and thus further increase
throughput rates [4].

*During the past year. our research on systematic design methodologies for mapping algorithms
to structures has focussed on three related issues: (a) complexity of layouts in VLSI circuits, (b)
design of buffers for macropipelines of systolic arrays, and (c) design of systolic arrays for

Vevaluating dynamic programming algorithms. We have examined the complexities in volume and
maximum wire length of mapping circuits represented as undirected graphs to three-dimensional
VLSI systems [6. 16]. Tighter bounds than those previously known were obtained for various
families of graphs in both the one-active-layer and the unrestricted layouts. A cost model was also
developed to optimize the cost of implementation with respect to the third dimension. In the design
of a macropipeline of systolic arrays, one major problem is the conversion of outputs of one sys-
tolic array in one given format to inputs with a possibly different format to be fed to another sys-
tolic array in the macropipeline. A common memory is a potential bottleneck and may limit the
number of systolic arrays that can be connected together. We have studied designs of buffers to
convert data from one format to another [5]. The maximum number of buffers was determined bv
a dynamic programming algorithm with O(n 2 ) computational complexity, where n is the problem
size. A general-purpose convertor to convert data from any distribution to any other from a subset
of the pcssible data distributions was also proposed. Buffer designs for a macropipeline to perform
feature extraction and pattern classification were used to exemplify the design process. In the
design of systolic arrays for problems formulated in dynamic programming, we have classified
these problems as monadic-serial, polyadic-serial, monadic-nonserial, and polyadic-nonserial [7].
Problems in serial formulations can be implemented easily in systolic arrays: however, nonserial
problems may have to be transformed into a serial one before an efficient implementation can be
found. A monadic-serial dynamic programming problem can be solved as the search of an optimal
path in a multistage graph and can be computed as a string of matrix multiplications. Three
efficient systolic-array designs were presented. A polyadic-serial dynamic programming problem
can be solved by either a divide-and-conquer algorithm or the search of optimal solutions in a
serial AND OR graph. We have evaluated the asymptotically optimal architecture for divide-

~.) and-conquer algorithms and have developed efficient methods of mapping a regular AND/OR graph
into systolic arrays. Cases were studied for transforming a problem in a nonserial formulation into
a serial one.

n. We have continued to study the application of RNS arithmetic to designing VLSI modules
that can be used for high-resolution sensor array processing [8]. It was discovered that an interest-
ing trade-off between speed and hardware complexity (i.e.. silicon area) can be achieved with an
RNS digital-serial scheme that has been called a serial-by-modulus (SBM) architecture. With this
scheme the residue digits x x ..... XL are processed sequentially one after the other, but the pro-
cessing of each residue digit is bit-parallel. Roughly. the SBM architecture operates L times slower
than a fully bit-parallel architecture, but the required silicon area is reduced by a factor of L. If
the moduli are each b-bit integers so that there are b parallel bit lines through the entire processor.
hen roughly the SBM architecture will operate b times faster than a fully bit-serial architecture.

:while requiring b times the silicon area. SBM represents a compromise between the low speed of
bi,- eria arithmetic and the high cost of bit-parallel arithmetic. In [10] and [17]. the theory of
pr:-ssor design based on SBIM-RNS arithmetic was developed. In particular. standard cell design

s pr csed and the design of a mixed radix convertor with SBM-RNS arithmetic was presented.
It is anticipated that although SBM circuits will be slower than fully parallel circuits, they will be
mcre amenablie to testing and fault tolerant design. We intend to continue our investigation of
:hs. ne' \LSI structures.
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*" SCIENTIFIC OBJECTIVE:

Our group has been and is in the forefront of research on a wide array of problems in adap-
t,ve systems; some of the problem formulations, methods and results which have originated in our
research group have been accepted by leading researchers worldwide and are being experimentally
tested. This accumulated experience and knowledge in the field puts us in the best position to
address the underlying fundamental issues and to develop a theory for adaptive algorithms which
operate in partially modeled environments.

Our approach embodies the philosophy that adaptive systems, be they adaptive filters, estima-
tors and controllers, or diagnostic and tuning software for automatic quality control and mainte-
nance, are logical on-line extensions of well-tested off-line algorithms and, as such, should inherit

Wthe:r robusness properties. To achieve this level of realism, we allow our convergence and stabil-
itv conditions to be signal-dependent and guarantee them in the domain of interest, rather than glo-

,.4 bali\. This closes the gap separating the realistic conditions from the mathematically appealing
lgooal results derived under unrealistic and unverifiable modeling assumptions. The robustness
roperties guaranteed by our approach will compensate for the loss of fictitious globality.

Toward this general objective, one of our goals in this research project is to investigate the key
question of whether there are self-tuning algorithms with the important feature that the algorithm
,x ill automatically tune itself to a correct regulator for a given unknown system. Earlier versions
o: such algorithms have had a big impact on the practical control of a certain class of systems and

1 are also beginning to be fabricated on chips and :nstalled in industrial plants, vehicles, ships, and
other communication and control equipment.

Our second goal is to examine the behavior of the algorithms in a variety of environments
•x here precise modeling assumptions are violated. Following the first encouraging results, one of
our cbiectives is to develop a methodology to design algorithms that are capable of using the avail-
able a priori information about systems to be identified. estimated and/or controlled. and to a\.oid

- limitaticns imposed by preselected parameterizations. We instead plan to use existing physical
parameters and thus enhance not only robustness but aiso serviceability of the controi ,nstrumen-
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SUMMARY OF RESEARCH:

A major objective in this research unit is to develop a design methodology for robust adaptive
control and estimation. To enhance robustness of these algorithms in incompletely known or vary-
ing environments, it is important to make them capable of using the available a priori information
and to evaluate bounds for their robust operation.

V A significant accomplishment in this direction is our result on robust adaptive regulation of
nonlinear systems with unmodeled dynamics. This result combines recent advances in the three
hitherto separate areas: feedback linearization, adaptive control, and asymptotic analysis. A
novel use of these techniques has led to a guaranteed region of robust operation in the presence of
both parametric and dynamic uncertainties. Moreover, the analytical bounds are in the form
which allows a robustness comparison of adaptive and nonadaptive control strategies. A semiquan-
titati\e trade-off is established showing when an adaptive approach is superior to a nonadaptive
design.

We have studied the issue of designing adaptive controllers which combine good performance
along with robustness. Specifically, for linear stochastic systems we seek performance as measured
by a minimum variance criterion that is optimal under ideal conditions; i.e., when the plant is of
the order assumed, is of minimum phase. the delay is as assumed, and the noise polynomial satisfies

ka positive real condition. Moreover, we seek stability of the adaptively controlled system when
these assumptions are violated to some degree. We have been successful in exhibiting an adaptive
control algorithm that achieves optimal performance under ideal conditions as above and also

. i) maintains stability when the positive realness assumption is dropped.

.-' ii) maintains stability in a graph topological neighborhoods (of computable size) of ideal systems.
and

" iii) maintains stability in a similar neighborhood when the adaptive controller is used in a non-
I Uvanishing gain mode.

Work has also continued on the design of dynamic controllers (filters) using the projective
controls methodology. This method is based on an extension of the basic linear-quadratic optimiza-
tion approach of control system theory. Emphasis has been placed on incorporating frequency
weighting into the optimized index to provide increased robustness properties in the final design.
A parameterized design approach has resulted that yields good performance in the presence of
unmodeled dvnamics.

Robust-adaptive control using low-order controllers, without on-line plant identification, is
being explored and preliminary results for a one-link flexible joint robot have been obtained. The
approach describes the nonlinear robust arm by multiple linear models corresponding to multiple
operating points and seeks a low-order controller using a three-stage procedure: (i) a class of
parameterized controllers is determined for a nominal operating point using the projective controls
approach: (ii) a robust controller is determined for the entire range of operation characterized by
lnear models at multiple operating points by using Hankel singular values-based approach to select
the free controller parameters to achieve robust performance; and (iii) an adaptive controller is
obtained by allowing critical free controller parameters, identified in the robust design phase. to
adapt to improve system performance. A decentraliz, d control strategy with robust, or adaptive.
contrcllers will be sought using the decentralized projective controls approach to obtain the collec-

Ston of parameterized low-order controllers.

m'
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SCIENTIFIC OBJECTIVE.
Attempts to harness several newly emerging technologies. which lead naturally to large-scale,

computer-controlled systems, have given rise to a significant interest in the underlying field of dis-
tributed and decentralized systems. Most of these systems incorporate task decomposition. mul-
utlevel coordination and control, and distributed estimation and computation. Some of them
diverge from classical systems in that the basic phenomena governing them are event-driven and
discrete. Examples of such event-driven systems are many and include automated VLSI produc-
tion svstems for making printed circuit boards or fabricating wafers in large volumes in flexible
electronic assembly systems, communication networks for data transmission, and interconnected
computer systems. They require descriptions in terms of discrete quantities such as the number of
PC boards to be retested, or other dynamic, logical and linguistic variables: and they operate as
event-driven, asynchronous. largely nondeterministic processes, and hence must be analyzed as
such- The basic goal in studying such large, complex, and. typically, distributed and decentralized
systems is, firstly, to design them for efficiency and then to control and coordinate them to attain
this efficiency. Important issues that arise in the modeling, control. and coordination of such sys-
tems are information flow, learning, aggregation, time scale separation. decentralized estimation,
and distributed computation. The principal objective of this research unit is to study such issues in
order to enhance our understanding of the behavior and control of large-scale, computer-controlled
systems in a distributed network, under uncertainty and decentralization.

" SUMEMARY OF RESEARCH:

We have continued our study of distributed systems under decentralized nonclassical infor-
mation f rom the points of view of optimum strategy design, performance evaluation, and computa-

each ac-,uon to depend on the most recently available information, or when the physical system is of

large s;ze and involves various subsystems that are individually responsible for specific control
* act~ie. and there is a delav in the transmission of measurement and control information from one

su's',-te'm to another. In general. neither analytical tools nor numerical methods are known to
ex:sz :cr suh prcbiems. During this past year we have shown that indirect techniques (based on
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bounds from information theory or constructed from related zero-sum games) can be used to
obtain the optimal solution for some classes of such problems, defined on both finite and infinite
horizons. For other classes of problems. we have made performance evaluations using nonlinear
strategies for basically linear-quadratic problems. We have also considered the situations when the
communication medium has unknown statistical description and have solved for worst case perfor-
mances under a variety of fidelity criteria. On the algorithmic side, we have studied the design of
decentralized asynchronous algorithms for on-line computation of optimum controllers, under
minimum information-sharing among the subsystems of a distributed system.

We have made some fundamental advances in the control of large discrete-event systems,
such as flexible manufacturing/assembly/disassembly systems or systems for VLSI wafer fabrica-
Lior.. Such systems typically involve a large number of machines, interconnected by a transporta-
tion network, that are required to produce a specified mix of part-types at a desired rate. A major
problem in running such automated systems is that of "scheduling," where decisions must be made
at each point in time on what part-type a given machine is to work on. Classical approaches have
treated this problem as an optimization problem, but this approach quickly becomes intractable due
to the large number of decisions involved. We have developed a new 'closed-loop" scheduling

lt% approach that provides real-time scheduling algorithms that can be implemented in a distributed
fashion at the various machines based only on local information possessed by the machine regard-
mg the contents of its own buffers. This scheduling algorithm guarantees the stability of the
o erall manufacturing system in the sense that all buffers are guaranteed to remain bounded and

-- he overall production rate of the entire manufacturing system equals the desired production rate
or ever' ,art-tvpe.

We have also investigated the sin'ulated annealing algorithm for global optimization, which is
a Monte-Cario method that is essentially a modification of standard descent algorithms so as to
allo, 'or occasional uphill moves. This probabilistic modification is introduced to allow the algo-
rithm to escape from local minima and reach a global minimum. A critical question here is the rate
at ,which the probabilistic modification should be reduced to zero. i.e., the rate of "cooling" in order
to guarantee that such a global minimum is hit with probability one. We have developed a new
theory for Marko. processes and determined necessary and sufficient conditions to guarantee that
-he algorithm reaches a global minimum. This new theory allows the study of asymptotic
"behavior of a class of Markov processes where the transition probabilities are proportional to
nc~xers of a dim:nishing time '%arying parameter, i.e.. singularly perturbed Markov chains with
anishin- small parameter.
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SCIENTIFIC OBJECTIVE.

For physical devices running the gamut from rotating machinery to opto-electronic laser posi-
tioning svstems. nonlinearities constitute an essential part of any reasonable model. Revol.utionary
developments in microelectronics, coupled with recent breakthroughs in the understanding of the
structural properties of nonlinear dynamic systems. open up new possibilities for the synthesis and

"' implementation of feedback controllers in order to meet the steadily rising needs for higher perfor-
mance and increased efciency. However. even the most powerful analytical tools that are available
today, such as exact linearization via feedback, nonlinear input-output characterizations, and
geometric conditions for noninteracting control and disturbance rejection, still require that exact
nonlinear models be available. This is in direct conflict with the fact that the mere presence of non-
linearities makes accurate modeling and identification difficult. Consequently, controllers based
upon the currently available theory could be highly unreliable.

To remedy this situation, some fundamentally new lines of research are needed for the design
of realistic robust controllers for nonlinear systems. Driven by this need, our research program has
two key obiectives. The first is to develop a fundamentally new geometric-asymptotic approach for
the svnthesis of robust nonlinear controllers: this approach will combine the advantages of exact
geometric notions with estimates of sensitivity and robustness obtained from an asymptotic
anaivsis and will build upon synergisms of two types of expertise available within our research
team. The second objective is to deal with circumstances where desired levels of performance can-
not be achieved by feedback: it is then necessary to restructure the nonlinear systems. Our objec-
tive here is to develop a methodology for reconfiguring nonlinear systems for robustness enhance-
ment.

"SUMMARY OF RESEARCH:

() .r the past year. we have made remarkable progress in the study of robust feedback con-
Ir - ncn.near discrete-time systems. In particular, we have developed an entirely new

Fprcach -, adapt:ve robust control for such systems. The essential idea involved is to fragment
m,,deiln i certaint\ in a phsical rlant into "small" families of plant models for which robust
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LTI controllers can readily be designed. We refer to these smaller families as "operating points."
\We then adapt between these robust controllers Ki by implementing a convex combination of the

4K. the parameters of which are tuned based on error measurements. One of the most endearing
features of this approach is that the particular methodology used to design the individual controll-
ers K is not prescribed. One could use H° -optimal control or LQG/LTR methods. We have been
able to construct a tuning algorithm for these adaptive robust controllers that yields input-output
stability in the sense of D,'soer. This stability notion is much stronger than that of state or
Lv apunov stability and permits us to treat disturbance rejection problems for nonlinear plants.

WJ Lsing this approach we have been able to determine an absolute, computable, tight band on
the abilit to adaptively stabilize a plant against unmodeled dynamics. This result, in our opinion,
represents a definitive answer to the question of determining the extent to which unmodeled
dvnami cs leopardizes feedback system stability.
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WORK UNIT NUMBER 21

TITLE: Multiple-Terminal Digital Communication Systems
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SCIENTIFIC OBJECTIVES:

Problems involving the interaction of the elements of a multiple-user communication network
[ are among the most impvotan: and most challenging problems in electronic communications. The

pertormance of a communication network depends in a very complex way on the routing algo-
rithm, flow control mechanism, acknowledgment procedure, channel access protocol, error-control
code. signaling scheme, receiver processing method, and synchronization technique employed in the
lc'er three lavers (network laver, data link layer, and physical layer) of the ISO-layered model

* for the netwkork. The objective of our research in multiple-terminal digital communications is to
% -- gain a better understanding of the interplay between these elements. Our research will focus on

the issues that arise in mobile radio networks, particularly spread-spectrum radio networks. that
must operate in hostile environments that include jamming and fading. This imposes additional
reoirements on the network in terms of robustness and survivability that will be accounted for in
our research.

One of the objectives of our research is to develop rew signaling methods and receiver pro-
cessing techniques that will exploit the implicit and explicit redundancy that is present in the sig-

"nals and messages. Such redundancy exists in the physical laver (diversitv transmission, multipath
signals. and modulation), the data link laver (error-control coding), and the network laver (redun-

W "dant packets and messages). We are particularly interested in the efficient use of implicit and
explicit diversity in sprez.d-spectrum radio transmissions to improve communication performance
under stressed conditions (e.g.. jamming or heavy network traffic). Another objective is to develop
net'w'ork protocols that ar. compatible with and take advantage of the features of spread-spectrum
modulation. Of particular interest are algorithms for distributed scheduling cf transmissions. Aii. trird 'hjez'r'e i s tc examine the synchronization problem for spread-spectrum radios. Efficient
iptx.rk operation requires Iast acquisition of the spread-spectrum signals. Moreover. the acqusi-
"r, ano s chronization s':sterns must be abie to operate in the presence of multiple transmissions.

. ;; ' m-ni%. o. cl'ad:no to be of an' use in a militarv communications network.
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SUMMARY OF RESEARCH:

Adaptive Coding for Meteor Burst Communication Links

The trade-off between error rates and transmission time was identified in our proposal as a
key issue in the design and development of meteor burst communication systems and networks.
Because we feel that adaptive error-control coding can play a very important role in this trade-off,

*"
' 

.we have conducted an extensive investigation of adaptive coding for ne-,r burst communication
)links. Because of the nature of the meteor burst channel, it is clear that higher throughput and

lower error rates can be achieved by adapting the code to the channel.

There are two approaches to adaptive coding in this context: adaptive selection of a fixed-rate
code from one trail to the next and adaptive variable-rate coding. Even if the code rate is fixed
:hrcughout the lifetime of a meteor trail, the fact that some trails decay faster than others should
be accounted for in the selection of the code rate. The simplest method uses a code of fixed rate
throughout the life of the trail but varies the code rate from one trail to the next, which is inter-
trail adaptation using fixed-rate codes. Use of this type of adaptation requires estimation cf the
deca\ rate for each meteor trail.

There is also an advantage in varying the rate of the error-correcting code during the lifetime
cf a meteor trail. Typically, the reflected signal is very strong when the trail is first formed so that
a code with a small amount of redundancy is sufficient for correcting the few errors that occur.
Such codes will provide high throughput in the early phases of the meteor trail. As the trail
expands and breaks up. however, the reflected power is reduced, so that it is necessary to correct a
larger number of errors. As a result, more redundancy must be used during the latter phases of
the tra'l's existence. To some extent. the sequence of rates for the variable-rate code can be selected
at the beginning of the trail by estimating the signal strength and the decay rate.

The potential improvement for inter-trail adaptation using fixed-rate and variable-rate Reed-
Solomon coding on the meteor b1ust channel was investigated in [30]. The model used in [30]
assumes exponential decay in the received power as a function of time. The approach used for
adaptation in this paper is based on a selection of the code rates for a packet to send a fixed number
of in-crmation symbols. The rates selected depend on the estimates of the received power and
decay rate obtained during the initial part of the packet.

An optimal algorithm is given in [30] for selecting the set of code rates to be used to transmit
a fixed number of :nformation svmbols on a given meteor trail. In comparisons of variable-rate
c.odes and fixed-rate codes for inter-trail adaptation, the former were found to give performance
imprc\ements in the range of 0.5 to 1.0 dB over the latter. We found that the selection of the rates
for :he ,ar;able-rate code does not depend very strongly on the initial value of Eb"N 0 for the trail:
it does. ho,-eer. depend critically on the decay rate.

More general code-rate adaptation can be implemented if the transmitting terminal continu-
ally monitors the signal strength at the receiver and adapts the code rate throughout the packet.
This can he based on power measurements on the return channel or on feedback information from
the receiver Both of these require full duplex operation. The former requires the link to be svm-
metrical and. bidirectional. while the latter only requires the link to be bidirectional. The method

* developed in r30 can be applied at several stages during the decay of the meteor trail to give con-
;nua, adantatior throughout the packet. A trade-off exists between the performance of the result-
..nc ariabe-rae code and the amount of computation required by the algorithm. More frequent

Zap-i7Aat-ir, : "he algorithm during the transmission of the packet requires more computation but
•2 - 1'. e'.s a :,:de that is closer to the optimum.

*' Syncihronization of Direct-Sequence Spread-Spectrum Systems

. ha. e ht-.ded "he acc uisi. on of.'nchronization in a direct-sequence spread-spectrum sys-
">cu (uentiai earah !echniQue with adapti've time-varying thresholds and varying dwell

r"nes vi:- .,he.me aito. or fal;e h.potneses about the signal epoch to be d:scarded relatively

SUniversity of Illinois at Urbana-Champaign Coordinated Science Laboratory
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quickly and still achieves the same miss probability as schemes with fixed thresholds. Critical to
the operation of this scheme is a uniform bound on the aperiodic autocorrelation of a PN sequence
that allows false hvotheses to be rapidly discarded. We have also obtained considerable experi-
mental evidence that our bound is quite weak and that our estimates of the time required to
acquire synchronization are rather pessimistic; actual system performance should be much better
than our estimates.

We have studied parallel acquisition techniques that consider multiple hypotheses about the
signal epoch in order to reduce the acquisition time. In the case of a PN sequence code of period N.
one correlator with an integration time of one chip can be used to compute N single chip correla-

. tions. The decision statistics are then just the Hadamard transform of these correlations. If a com-
plete period of the PN sequence is available, this scheme can be viewed in the context of orthogonal
signalling and the well-known results on orthogonal signalling used to obtain results on system
performance. However, we are interested in the effectiveness of this appr.ach when fewer than N

N chip correlations are available, as would be the case when the PN sequence has a very large period
and the delay in computing all N chip correlations is prohibitively large. This problem is compli-
cated by the fact that when the Hadamard transform of a partial period is computed, the decision
statistics are no longer independent random variables. The results on nonorthogonal signalling are,
of course, applicable but not particularly useful in that the bounds obtained on system perfor-
mance are rather weak. We have obtained some simple and better results by more detailed con-
siderations of the structure of the PN sequence.

I

Graph Algorithms for Independent Sets

Significant progress was made during the past year on the average case performance analysis
of simple greedy algorithms for finding maximum cardinality independent sets in graphs and for
other problems. An independent set of an undirected graph is a set S of nodes such that no two
nodes in S are neighbors of each other. The problem arises in many contexts, for example, indepen-
cdent sets in the hearing graph of a radio network correspond to sets of stations that can simultane-
Duslv transmited and. in certain iterative concurrent algorithms, independent sets in problem-
related graphs correspond to sets of variables that can be simultaneously updated. Since the prob-
lem is ,w delv believed to be difficult (not just because it is NP-hard), it is desirable to use fast.
though approximate. algorithms. For example. one heuristic is to search for minimum degree nodes
anc add those to the independent set sought. We analyzed the average performance of this algo-
r:thm for large random graphs by observing that its behavior tends to be predictable and is, more-
oer. described ov certain differential equations when applied to large random graphs. Numerical
analysis of the differential equations suggests that the algorithm is, with high probability, optimal
for large random graphs with mean node degree less than e = 2.718.... We have found that our
method of analvsis is useful for studying the average case behavior of more complicated algorithms
for scheduling transmissions in a spread spectrum packet radio network as well.

PUBLICATIONS AND REFERENCES
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" SCIENTIFIC OBJECTIVE:
Statistical signal processing functions such as signal detection, estimation, and identification

play a key role in the development of effective communications, radar, and sonar systems. For
example. advanced statistical methods are emerging as being particularly important in digital com-
munications systems operating in channels corrupted by interference from such phenomena as
multiple-access noise, intentional jamming, and impulsive noise sources. Conventional demodula-
tion methods, such as coherent matched filtering, often suffer serious performance degradation
when subjected to interference of these types: however, this degradation can frequently be elim-
inated through the use of more sophisticated signal processing techniques.

A central issue in the design of effective signal processing procedures for systems operating in
channels such as those noted above is that of channel identification. Although certain aspects of
channel identification have been studied extensively. one area in which there is a pressing need for
further research is that of identification of impulsive channels. Natural impulsive phenomena are
major noise sources in many types of channels including ELF electromagnetic and under-ice acous-
tic channels. Moreover, man-made impulsive phenomena are a principal background noise source in
the environments in which military radio networks must operate. Thus. since it is well established

, that impulsive noise can be extremely detrimental to the performance of communications. radar.
and sonar svstems if not properly suppressed and since impulsive channels often exhibit nonsta-
tionarv characteristics, the development of effective techniques for identification and tracking of
the characteristics of impulsive noise channels is an important problem in the development of sys-
tems that can approach the performance limits set by such channels.

The overall objective of this research project is to study the general problems of identification
and tracking of impulsive channels. A thorough study of this area is planned. including the
development of suitable channel models, the derivation and analysis of optimum batch and recur-
sive nonlinear estimation algorithms for identification tracking, and the application of these algo-
rithms to develop adaptive techniques for the reception of signals passing through impulsive chan-
nels. It is anticipated that the results of this study will find application in a broad class of areas
including digital communications, sonar, and radar.
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SUMMARY OF RESEARCH:

Our research efforts during this reporting period have focused on two principal aspects of the
problem of identifying impulsive channels. These are: (1) parameter estimation in canonical
statistical/physical models for impulsive channels and (2) probability density estimation for gen-

,% eral parametric channel noise models.

Our work in the first of these areas has focused on the Class A Middleton model, which is a
physically based model that is known to accurately characterize a wide variety of impulsive
phenomena. including under-ice acoustic noise and man-made electromagnetic interference. This
model has two basic parameters. A and r. that characterize the frequency and severity of the
impulses. In this reporting period, we have explored several techniques for estimating these param-
eters from channel measurements. This work. which is reported in [3.4,181, has considered both
batch and decision-directed recursive algorithms for this purpose. For each type of algorithm, we
have found efficient and practical global techniques for estimating these parameters, and we have
verified the favorable performance characteristics of these algorithms through extensive simula-
tions.

In the second of these two areas, we have undertaken a theoretical analysis of the rates of
convergence of probability density function estimates for situations in which the density function
can be assumed to be a member of a smooth parametric family. These convergence rates lead to
performance approximations that are applicable to a wide range of stochastic models including, in
particular, impulsive noise models. In [17] precise asymptotics are obtained for the cumulative risk
o: Bayes estimators of density functions in smooth finite dimensional families using an entropy-
based loss function. In other research [1] rates of convergence are obtained for maximum likeli-

* hood density estimation based on sequences of exponential families of growing dimension.
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SCIENTIFIC OBJECTIVE.

The objective of this research is to sponsor new initiatives on basic problems of electronic
materials, devices, and systems in a timely manner and to provide early funding on the start-up of
projects that present immediate opportunities of high scientific merit.

SUMMARY OF RESEARCH:

A total of S250K of JSEP discretionary funds has been committed for a new MBE "Octopus"
facility that is housed in the Coordinated Science Laboratory (CSL) and which is supported and
operated jointly by CSL, the Materials Research Laboratory (MRL), and the Microelectronics
Laboratory. The JSEP commitment is SlOOK for the first year. SlOOK for the second. and S50K for
the third year of the current JSEP contract. A team of researchers from the University of Illinois
at Urbana-Champaign designed this unique facility in which state of the art surfaces, interfaces,
and multilayers can be synthesized. This new facility is called the EpiCenter, an abbreviation for
the U of I CSL-Microelectronics Joint Center for Epitaxial Growth and Surface Science. About
S500K is scheduled from University of Illinois at Urbana-Champaign DOE Program funds for the
purchase of the MBE equipment over FY 86, 87, and 88. The remaining funds for the S6M facility

*have been contributed by NSF'Materials Research Laboratory (S500K). NSF/Engineering Research
Center ($200K). JSEP (S250K), AFOSR (S600K), and the University of Illinois at Urbana-
Champaign. together with a gift from the Perkin Elmer Corporation of approximately S2.3M.

Seven MBE machines in the EpiCenter are interconnected by uhv ( 5x10 -1 1 torr) stainless
steel transfer lines. From the same vacuum environment, it is possible to access advanced instru-
mentation for surface modification and sample characterization. The crystal growth equipment
forms a cross at one end of the 80' x 40' facility. Access to the clean environment of the facility
from an observation area is attained through an air lock, as indicated in Figure 1. A sample
preparation room providing class 100 clean space in laminar flow hoods is accessible only from the

0i main area. A lounge is provided for planning, discussion, computation, etc., during facility-related
activities.

Both the 'MBE machines and the uhv transfer lines were fabricated by the Perkin Elmer Co.
Figure lb shows the configuration of the system. Machines 1 and 2 on Arm I are III-V compound
machines with 2 adapted to gas-source research of Morkoc. Machines 3 and 4 on Arm II are

* designed for work with metals (3). with both effusion and e-beam sources, and for polar ceramic
% materials (4). Machine 5 is contributed by the University of Illinois at Urbana-Champaign

Engineering Research Center for device work, and the other machine, 6. on Arm III !s custom
desi2red with e-beam hearths for research into growth of the group IV materials Si, Ge, etc.
Finaliv. macnine 7 on Arm IV is specially adopted to Greene's research using ion beam mixing to
select par'icular growth paths of metastable structures. The complex thus contains a wide variety

- of crvstai growvth environments that are not ordinarily compatubie with one another. Columns III
and V elements, for example. are eiectricallh active dopants in group IV semiconductors and must.
therefore, be empioyed with selective care in group IV synthesis.
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A special feature of the complex is that the seven machines are interconnected by uhv transfer
lines held at a pressure of 5 x 10 torr. The purpose is to permit transfer of a given substrate
from one growth chamber to a second without surface contamination. This makes it possible to
grow on a given fresh substrate an epitaxial laver which is not compatible with the environment
needed to grow the substrate. The growth of GaAs on Si is a particular example of an important
synthesis problem of this type. The seven machines offer a unique flexibility for research of this
type into heteroepitaxy. In particular, the MBE and sample transfer equipment throughout is
adapted to 3" wafers so that any sample may receive successive processing in any desired sequence
of the seven growth chambers.

A variety of characterization and processing instruments are designed to attach on the ends of
the arms. These. also, are fully adapted to the 3" wafer size of the synthesis complex. This per-
mits in situ modification of samples and structure characterization within the common vacuum
environment so that surface contamination is avoided. A substrate preparation chamber is attached
to the end of Arm I so that substrates can be oxydized, sputtered, annealed, tested, etc. Opposite,
on the end of Arm III, a rotating anode x-ray source and diffractometer are being set up by Zabel
for in situ studies of surfaces and multilayers. On Arm IV a PHI XPS unit is being installed for
surface studies: its diagnostic capabilities are enhanced by added ion scattering spectroscopy. ultra-
violet photoemission, and LEED capabilities. These are in addition to the RHEED and mass spec-
troscopy diagnostics in each MBE machine. Further, MBE machines 1, 3, and 7 are being specially
equipped for ellipsometry. fluorescence, and other optical probes of film growth. Efforts are now
being made to obtain Rutherford backscattering equipment for interface and surface studies on
Arm IV of the system. A planned future development is the installation of focussed ion beam
materials modification and an electron microscope on Arm I. Plans call for the experimental area at
the end of Arm IV to become a surface science complex to which freshly grown surfaces from the
complex can be transferred.

At the present time, the building remodeling has been completed and all the equipment has
been installed in the room. Representatives from Perkin Elmer are now working together with
facultv and staff of the university to bring the equipment to a fully functioning state. During the
fall semester of 1987, Professor James Kolodzey spent a semester in residence at AT&T Bell
Laboratories, Murray Hill. NJ, working with Dr. Alfred Cho to learn more about MBE processes.
It is expected that the EpiCenter will become fully operational during the summer of 1988. An
official dedication ceremony is being arranged for the fall of 1988.
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